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I. INTRODUCTION

A. OBJECTIVES

This report presents the results of a 6-month parametric study conducted by
the Avco Research and Advanced Development Division for the Jet Propulsion
Laboratory. The objectives of this study were to obtain sufficiently compre-
hensive results which could be used to generate detailed preliminary design
tradeoffs and other comparisons among the governing parameters associated
with@/lars and Venus entry capsule design, performance, and environment]
Development of simplified methods was a keynote throughout the study du€ to
the large number of parameters involved. By means of approximate methods,
computer routines were compacted, computer calculation time reduced, and the
capability of dealing with the broad scope of parameters was enhanced.

1. Shape Study

The desirability of exploring the effects of vehicle shape on the weight and
performance of an entry capsule led to the selection of characteristic para-
meters. The parameters chosen were such that every type of ballistic
entry vehicle designed to date could be considered. For example, the
simplest geometry could be a cone with a spherical nose, while complex
geometries of elliptical nose shape and flared base could also be handled.

The choice of shapes for Mars and Venus was done with due consideration
of preliminary investigations already performed. As a result of these
preliminary studies, it was possible to narrow down the choice of shapes
for Mars to blunt, high-drag designs with small surface area. This con-
cept stemmed from the recently revised estimates of the surface pPressure
provided by the Jet Propulsion Laboratory, wherein vehicles of very low
M/C_ A would be required to achieve suitable deceleration prior to impact.
In the case of Venus, the large amount of radiative heating leads to the
Possibility of utilizing moderately slender bodies to alleviate the radiation
heating problem. On the other hand, blunt, low-performance vehicles

are more efficient in handling convective heating. Consequently, the choice

of shapes for study for Venus covered a broad range to encompass both
blunt and moderately slender design.

a. Aerodynamic Parameters

The trajectory, and hence the heating and loads, are closely connected
to the estimated aerodynamic coefficients. Both angle of attack and
Mach number effects can be important in establishing the trajectory

of the vehicle and in determining the motions of the vehicle about its
center of mass., Hence, in view of the significance of the dual variability
of the coefficients, special effort was devoted to developing simplified



methods of analysis which would account for the predominant effects.
The study was restricted to axisymmetric shapes with the center of
mass on the longitudinal axis.

b. Kinematic Parameters

The flight path angle and velocity of the capsule at entry is related to
the uncertainties in spacecraft guidance and launch data. Under-
standing the interrelationship of these two trajectory variables with
capsule design was an aim of this study. The additional kinematic
parameters of spin and angular motions of the capsule at entry were
also deemed important variables.

c. Dynamics

The angle-of-attack history during entry was established as a pre-
requisite for determining the aerodynamic heating and loads and there-
by deducing the elemental weights. Therefore, a measure of a
capsule's performanceis the ability of a particular shape to damp out
motions at entry and achieve a small angle of attack at peak heating
and peak dynamic pressure .

The low-altitude angle-of-attack history can be as important, or even
more so, as the high altitude phase. For it is at low altitude that
the blunt capsule, having exited from the gas dynamic region where
hot plasma surrounds it, is to perform its mission. Consequently,
sufficient static and dynamic stability of the capsule are needed to
prevent the angular motions from increasing violently in the region of
decreasing dynamic pressure. As a result of this problem, the ability
of a capsule design to decelerate and maintain moderate angles of
attack down to low supersonic Mach number, where a drogue might be
deployed, or until impact, was considered as an important measure

of its performance.

d. Radiation Heating

The increased severity of the radiation heating due to the compositions
of the atmospheres specified gave rise to emphasis on these calculations.
In the case of Mars entries, atmospheres of argon, carbon dioxide, and
nitrogen were selected, whereas mixtures of carbon dioxide and nitro-
gen were selected for the Venus atmospheres. The emissivities of

the prominent radiators were adjusted to bring the calculation model

into agreement with available data. As a result of the importance of

the radiative heating, the variation about the capsule, and hence the
effects of angle of attack motions of the capsule on the radiative heat-
ing on sections of the capsule, were incorporated into the study.




2.

e. Convective Heating

Preliminary studies indicated that the effects of atmospheric com-
position could change the convective heating significantly. Therefore,
the correlation of numerical solutions of the boundary layer equations
for several mixture of gases were incorporated into this study. The
angle of attack effects, changing the trajectory, and changing the
heating distribution about the capsule were also included as major
factors in this study.

f. Loads

Analysis of the nature of the flow field about the capsule giving rise

to the detailed pressure distributions and the aerodynamic loads pre-
sented a major problem. The range in shapes, gas mixtures, flight
conditions, and angle of attack required the use of approximate methods.
Mainly, it was important to establish consistent methods to deal with
the wide variety of flow field problems, and to assess under what
circumstances these methods could be subject to gross error.

Eliemental Weights

The final measure of comparison between shapes and of the effects of the
numerous parameters lies in the calculation of the elemental and residual
weights of the capsule.

9

The external structure supports the heat shield or, in some cases, was
considered to act also as the heat shield. The weight of each structural
section of the vehicle was assumed to be a function of the structural
approach, i.e., honeycomb or stiffened sheet, the size of the

vehicle and the maximum entry loads. A major problem area was
determining the manner in which the inertia loads would be distributed,
and accounting for the flanges, brackets,and miscellaneous hardware
which affects the weight significantly. To arrive at weights which re-
flected an actual design, rather than simply a calculation of the exter-
nal shell weight, a weight factor to be placed on the shell calculations
had to be evolved by weight analysts engaged in entry vehicle design.

b. Heat Shield

The heat shield was assumed to provide thermal protection from the
radiative and convective heating experienced during entry. The
calculation of the heat shield weight was assumed to be a function of
the structural temperature limitations, and the type of material
employed. The development of simplified techniques, which compared
well with more detailed calculations, was also a goal in the study.

-3-




c. Parachute

Parachute system weights for Mars capsules can be a significant
fraction of the weight, depending on the descent time and/or impact
velocity requirements. Provision was made for the calculation of a
two-parachute descent system, using available performance data.

d. Internal Structure

The internal structure which supports the payload and the crushable
energy-absorbing material, and which must also withstand the para-
chute loads, can be an important weight factor. A method for
estimating the weight of the internal structure based on the payload
(residual) weight, and the various loading conditions was evolved.

e. Residual Weight

The calculation of the residual (net payload) weight of the capsule was

a prime objective of the study. The residual weight is found by sub-
tracting the elemental weights noted above from the total weight, and
therefore is an extremely complex function of all the parameters used
in the study.




B.

SCOPE OF STUDY

Mars
a. Shapes

The original scope of the study provided for eight shapes to be evaluated
for entry using the Schilling model atmospheres. However, revisions
to the model atmosphere by JPL to include the low pressure (11 mb)

and high-argon content cases required reevaluation of the suitability

of the selected shapes.

To realign the Mars portion of the study to include the revised at-
mosphere models, the number of shapes was reduced to four and
restricted to high drag, very blunt designs. Two forebody designs
were considered; the bluff body, consisting of a large spherical nose
cap, and the blunted cone, with a large cone angle. Two afterbody
shapes were designed, one yielding low surface area while providing
a low aerodynamic righting moment at high angles of attack; the other
afterbody was identical with the first, but with the addition of a short
cylindrical section to provide a larger aerodynamic righting moment
at high angles of attack.

The selected shapes are shown in figure I-1. The M1 and M2 shapes
are identical except for the addition of the short cylindrical section in
M2. Similarly, the M3 and M4 are the same, except the M4 hasgs a
short cylindrical section. A summary of the Mars shape parameters
is given in table I-1.

b. Governing Parameters

For each vehicle shape, a range of variation of key parameters was

selected. A summary of the governing parameters is given in table
I-2,

1) Shape

The determination of the effect of shape on the elemental and re-
sidual weight of a Mars entry capsule was a prime objective of
the study. High-drag bodies were used for the Mars study due

to the small ballistic coefficient values needed to decelerate in the
low-pressure atmosphere model.
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TABLE I-1

MARS SHAPE PARAMETERS

Shape | RN/Rc| 6y (degrees) | RSCA/RC| Oc(degrees)| AX/2Rc | Rgop/Re| O (degrees) Rga/RC
Ml 2.4 23,08 0.1 0.0 0.0 0.1 33.0 0.119
M2 2.4 23.08 0.1 0.0 0.2 0.0 33.0 0.119
M3 1.0 30.0 0.1 60,0 0.0 0.1 33.0 0.119
M4 1.0 30.0 0.1 60,0 0.2 0.0 33.0 0.119

TABLE I-2
MARS ENTRY PARAMETERS
Governing Parameter Number

1. Shape 4
2. M/CpA , ballistic coefficient 2
3. W@, gross weight 2
4. Ve, entry velocity 2
5. Ye, entry angle 2
6. Atmospheric model 4
7. P, spin rate 2
8. Cma/Iy , stability factor 2
9. 'HUF, heating uncertainty factor 2
10. MUF, materials uncertainty factor 2
11, Structure 2

12. a., Q., angle of attack and pitch rate at
entry 1
Total Cases 160




2) M /CDA’ Ballistic Coefficient

The vehicle ballistic coefficient, M/C_4A, is a key trajectory,
heating, and structural parameter. Vglues of 0.2 and 0.1 slug/ft
were selected for the Mars study. These values are based on the
zero angle-of-attack hypersonic-drag coefficient.

3) WG' Gross Weight

The gross weight affects the size of the vehicle and its inertial
character, and hence is important from the standpoint of heating,
structure, and dynamic performance. Maximum vehicle diameter
was restricted to less than 12 feet for this study. Weights of

400 and 2000 pounds were selected as representative of the range
of entry weights being considered for Mars.

4) V., Entry Velocity

e?

The entry velocity governs the magnitude of the heating and loads,
The hyperbolic excess velocity for this study was specified to lie
between 9840 and 21, 320 ft/sec. Entry velocities of 27,000 and
24,000 ft/sec were selected.

5) Yes Entry Angle

The flight path angle governs the capture and the heating and loads
incurred during entry. A minimum capture angle of y, = -20
degrees was used for Mars. The capture angle is most critical in
the case of the high-velocity entry and low-density atmosphere.
Two angles were selected for study, y. = -20 degrees and y, = -90
degrees, bracketing the expected range of entry conditions.

6) Atmospheric Model

The revised models specified by JPL were used in the study. These
atmospheres are summarized in table I-3.

7) P, Spin Rate

The spin rate of the capsule can seriously influence the angle-of-
attack convergence during entry, and hence influence the trajectory
and the heat shield and structural weights significantly. Two
values of spin rate, 1 and 4 rad/sec were selected, representing
the estimated range of likely conditions.




8) Cma/ly s » Stability Factor

This parameter is the ratio of the slope of the aerodynamic moment
curve at zero angle of attack to the moment of inertia in pitch,

Two values were selected for each vehicle. The stability factor
provides for the evaluation of the effects of static stability and the
moment of inertia in pitch on the angle of attack convergence and
hence on the elemental weights,

9) HUF, Heating Uncertainty Factor

The heating uncertainty factor provides for the evaluation of the
effects of uncertainty in heating estimates on the heat shield weight
calculations. A factor of 30-percent increase in the radiative and
convective heating was selected.

10) MUF, Materials Uncertainty Factor

The materials uncertainty factor provides for the evaluation of the
effects of uncertainty in material properties on the heat shield
weight calculations. The material factor selected to be perturbed
is Kp/C, . This factor had been observed, from earlier studies,
to play a key role in determining the heat shield weight for Mars
entries,

11) Structure
Two structural concepts were selected and their relative merits

sought; a cold honeycomb substructure supporting a heat shield,
and a hot stiffened structure alone.

12) % Qe ,Entry Angle of Attack and Pitch Rate

The initial angle of attack and pitch rate at entry are of great
importance in determining the angle of attack motion and resultant
heating, loads, and elemental weights, A single set of conditions
was selected for the study; o, -179 degrees, and Q. 0.1
rad/sec.



In addition to the governing parameters, heat shield material parameters
were selected for Mars and Venus. The heat shield material selected
for the Mars study is a low-density, low-conductivity, high-temperature
charring ablator. The reasons for this selection are several:

1) Preliminary studies indicated that this material compared well,
weightwise, with low-density cold-wall ablators.

2) The material, being a high temperature ablator, responds
effectively to radiative heating, where the pulse is sharp and the
surface temperature rises quickly causing significant reradiation.

3) The material selected can be sterilized and exhibits a high
resistance to cold soak, as its thermal expansion coefficient very
closely matches that for aluminum.

The heat shield materials selected for the Venus study were a rein-
forced-graphite material for the high-heat input, forebody, surfaces,
and the low-conductivity material used in the Mars study for the
afterbody low-heat input surfaces. The choice of the forebody material
was aimed at utilizing the high heat of vaporization of graphite to
overcome the severe radiation environment.

c. Case Generation

A general flow chart for the scope of analysis per shape is shown in
figure I-2. The basic scheme utilizes a set of nominal conditions for
each atmosphere, perturbing the governing parameters, one at a
time, about the nominal., In this manner, the scope of the study was
broadened without requiring an excessive number of cases.

The nominal values for the Mars study are given in table 1-4. The
range of parameters is given in table I-5. A case identification code
was evolved and is summarized in table I-6. Each atmosphere,
vehicle, and case combination are now identified.

-10-
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TABLE I-3

MARS ATMOSPHERES

Listed below are the four atmospheres utilized in the Mars portion of this project.
JPL revised the original atmospheres and specified these in TWX 213-449-2655

(2 August 1963) MSG No. 032

Atmosphere Al A2 A3 A4
Worst Worst Nominal Best

Molecular Weight 42.7 42,7 38.7 31.2
Sea Level Temperature (°K) | 260,0 260, 0 230, 0 210.0
Sea Level Density (slug/ft3) 4,21 x 10-5 4,21 x10-5 5,89 x 1072 1.04 x 1074
Sea Level Pressure (mb) 11.0 11.0 15.0 30.0
Sea Level Gravity (ft/secz) 12.3 12,3 12,3 12.3
Temperature Gradient in the
Troposphere--Fraction of
Adiabatic Lapse Rate 1.0 1.0 1.0 1.0
Planet Sea Level Radius
(feet) 11.0 x 106 11.0x 106 11.0x 106 11.0 x 106
Mole fraction of
Nitrogen Content 0. 00 0. 00 0. 25 0.76
Mole fraction of Carbon
Dioxide Content 0. 65 0. 65 0.43 0.11
Mole fraction of Oxygen
Content 0. 00 0. 00 0. 00 0. 00
Mole fraction of Argon
Content 0. 35 0. 35 0. 32 0.13
Stratosphere Terhperature
(°K) 130.0 230,0 180.0 130.0

-12-
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TABLE I-6

MARS ENTRIES --CASE IDENTIFICATION

Al - JPL Worst Atmosphere Tgr = 130°K
A2 - JPL Worst Atmosphere Tgr = 230°K
A3 - JPL Nominal Atmosphere
A4 - JPL Best Atmosphere
Ye Ve M/CpA W P (Crm_ /1)"
CASE | (degrees) | (ft/sec) slug/ft2 (pounds) | (rad/sec) ‘
1 -20 27000 0.2 400 1 1.0
2 —_%)_ 27000 0.2 400 1 1.0
3 -20 24000 0.2 400 1 1.0
4 -20 27000 0.1 400 1 1.0
5 -20 27000 0.2 2000 1 1.0
6 -20 27000 0.2 400 4 1.0
7 -20 27000 0.2 400 1 ﬂ)_
8 Change in structure material to all Beryllium, hence
different structure weights
9 Heating uncertainty factor, heat pulses increased
by 30 percent
10

Material uncertainty factor, K‘p/Cp increased by 30 percent.

NOTE: Underscore indicates change from nominal case (Case 1).

lNornina,l Value
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Venus
a. Shapes

Seven configurations were selected for evaluation of their relative
merits for Venus entry. The range of shapes cover the blunt, high
drag, and slender blunt families. The selected shapes are shown in
figure I-3, with their corresponding numerical designation.

The V1 shape has the same forebody as the NERV capsule, and the
afterbody angle, 94 , was selected based on the availability of test
data. The V2 and V6 shapes were selected on the basis of conducting
a parametric study of spherically blunted cones. The V2 and V3
designs both have bluntness ratios (Ry/Rg) of 0.8, but forecone
angles of 30 and 60 degrees, respectively. The V1 shape essentially
completes this family as it is an equivalent bluntness very close to
0.8 and a forecone angle of 10 degrees. Hence, we have three shapes
with very nearly the same bluntness but widely differing forecone
angles. Similarly, V4, V5, and V6 have bluntness ratios of 0.4 and
cone angles covering 10, 30 and 60 degrees., In summary, the
blunted cone parameter study involves two bluntness ratios, 0.4 and
0.8, and three forecone angles, 10, 30, and 60 degrees.

The afterbody shapes were chosen with the object of ensuring that the
vehicles would all have a single nose-first trim attitude during the
hypersonic flight regime, while keeping the surface area to a minimum
to save weight.

The afterbodies of shapes V2, V3, V4 and V5 were varied in shape
from a pure cone to a series of truncated cones, in a manner such that
the same tail-first c.p. and static margin were chosen to give approxi-
mately the same degree of instability tail first as stability when nose
first, using Newtonian theory.

A series of curves were then drawn showing the variation of
nondimensional afterbody surface area S/d2 as a function of the
truncation ratio .d& , and taking account of the contribution of the
closed end, The curves shown in figure I-4 indicate little difference

in surface area for small values of truncation and 25 percent truncation
was selected for all the vehicles.

A blunt flared body was selected for study as a great deal of technology
has been developed on this type of vehicle in the ICBM programs.
Therefore, it was considered desirable to evaluate the applicability

of this type of design for Venus entry.
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A summary of the Venus shape parameters is given in table I-7,

b. Governing Parameters

For each shape considered, a range of variation of key parameters

was selected. A summary of the governing parameters is given in
table I-8.

1) Shape

The determination of the effect of shape on the elemental and
residual weights of a Venus entry capsule was a prime objective
of the study. The interplay of radiation and convective heating
being complex, a series of shapes was selected covering a broad
range of parameters, with the aim being to isolate the most
favorable shape features,

2) M/CpA , Ballistic Coefficient

The vehicle ballistic coefficient, M/CpA, is a key trajectory,
heating, and loads parameter. Since the pressure at the surface

of Venus is estimated to be quite high, values of M/CpA much
higher than considered for Mars could be selected. Preliminary
studies indicated that the most favorable M/CDA for each vehicle,
whereby the residual weight is maximumized, is different for each
vehicle, Consequently, an estimated range of M/CDA, in which

the case yielding the maximum residual weight would fall, was se -
lected for each vehicle. Four values of M/C A were selected for
each vehicle., The overall range of M/CpA's is 0.48 to 5.0 slug/ftz,

3) W¢g, Gross Weight

Three gross weights were considered, 500, 1000, and 2000
pounds., This range of weight covers the anticipated weight of
Venus entry capsules which enter directly,

4) Ve, Entry Velocity

The entry velocities chosen are 36, 000, 38, 000 and 40, 000 ft/sec,
covering the range of likely situations for direct entry,

5) ., Entry Angle

The entry flight path angles selected are -15, -30, -45, and -90
degrees. The choice of four angles was deemed hecessary due

to the complex behaviour of the combined radiative and convective
heating with entry angle,
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TABLE I-8

VENUS ENTRY PARAMETERS

Governing Parameter

Number of Cases

1

2

10

11

Shape

M/CDA » ballistic coefficient

WG » gross weight

Ve » entry velocity

Ye » entry angle

Cma /1, stability factor

P, spin rate

(HUF) Heating Uncertainty Factor
(MUF) Materials Uncertainty Factor

Atmospheric Model

e, » Qe angle of attack and pitch rate
at entry,

Total Cases

7

4

266
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C.

6) Atmospheric Model

The model atmospheres for Venus were specified as the Kaplan
models. The pertinent atmospheric parameters are summarized
in table I-9.

7) P, Spin Rate

Capsule spin rates of 0, 2, and 4 rad/sec were selected as
representative of the range of likely entry conditions.,

8) C, /1

Sy Stability Factor

This stability factor, representing the ratio of the slope of the
moment curve at zero angle of attack to the moment of inertia
in pitch, was perturbed twice from the nominal value; the
determination of this effect on the angle of attack envelope of
this factor was sought.

9) HUF, Heating Uncertainty Factor

To ascertain the importance of accurate heating prediction in the
delimination of residual weight, two perturbations on the radiative
and convective heating rates were selected.

10) MUF , Materials Uncertainty Factor

The influence of the uncertainties in the knowledge of heat shield
material performance on the heat shield and residual weights can
be found be perturbing the material properties and assessing
their effects. In the case of Venus, considerable ablation can be
expected, so the variables selected for study are the blowing
factor (5) and the heat of vaporation (H,) of the material.

11) a, » Q. , Entry Angle of Attack and Pitch Rate

The entry angle of attack and pitch rate were selected as 179
degrees and 0.1 rad/sec, respectively. The selection of these
values was aimed at uncovering problem areas associated with
angle -of -attack entry.

Case Generation

A general flow chart for the scope of the study is shown in figure I-5.
The parameter study was centered about a nominal set of conditions
for each shape. The parameters were then changed, one at a time,
in both directions from the nominal. In this way, 2 large area of
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TABLE I-9

VENUS ATMOSPHERES

Listed below are the two atmospheres utilized in the Venus portion of

this project.

(Reference L.D. Kaplan, A Prelimi
sphere, JPL Report No. 32-379 12 December 1962.)

nary Model of the Venus Atmo-

K1 K2
Atmosphere Minimum Maximum
Temperature Temperature

Molecular Weight 29,62 29.62
Sea Level Temperature (°K) 560.00 700.00
Sea Level Density (slug/ft3) 15,43 x 1073 6.17 x 1073
Sea Level Gravity (ft/sec?) 29.53 29.53
Temperature Gradient in the Tropo-
sphere -- Fraction of Adiabatic Lapse
Rate 0.708 0,523
Temperature Gradient in the 4 4
Thermosphere (°K/ft) 5.32x 10 5.32x 10~
Planet Sea Level Radius 1.99 x 107 1.99 x 107
Mole Fraction Nitrogen Content 0.90 0.90
Mole Fraction Carbon Dioxide Content 0.10 0.10
Stratosphere Temperature (°K) 160.0 245.0
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parameters could be covered without considering all permutations
which would which have resulted in an excessive number of cases.

The nominal values for the parameters used in the Venus study are
given in table I-10. The range of parameters is given in table I-11,
A case identification code was evolved and is summarized in table
I-12. Each atmosphere, vehicle, and case combination are now

identified.
3. Nomenclature
A ’ Reference area (ftz)
Cp Drag coefficient
dg Base diameter of body (feet)
d Body diameter (feet) |
Cma Pitching moment derivative (per radian)
H, Heat of vaporization (Btu/1b)
I IY Moments of inertia about x and y axes,
P Spin rate (rad/sec)
Q Pitch rate (rad/sec)
We Gross Weight (pounds)
M Mass (slugs)
Tgr Temperature in stratosphere (degrees Kelvin)
S Surface area
Ve Entry Velocity (ft/sec)
XCC Center of gravity location measured from nose (feet)
L Laminar blowing factor
. Turbulent blowing factor
Ry» Ons Rg, O,
AX, R, 0E, Rp, Shape parameters defined in figures I-1 and I-3
GA, R,
Subscript

(e) Conditions at entry
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TABLE I-10

NOMINAL VALUES FOR VENUS STUDY

WG M/CDA Cm Rc
Shape (pounds) (slug/ft2 l/r;; ly/hdRcz (feet)
\'2! 1000 1.50 0.150 0.41 3.11
Ve 1000 1.20 0.148 0. 36 3.26
V3 1000 0. 80 0.166 0.31 3.06
V4 1000 1. 20 0.301 0.41 3.92
V5 1000 0. 80 0.173 0.35 3.12
V6 1000 4. 00 0.347 0.95 3.65
V1 1000 3.00 0.467 3.66 1.59
Materials Hy
Btu/1b) L mT
Reinforced Graphite 11,000.0 0.56 0. 36
Low - Density Plastic 85.0 0. 57 0. 38
a, = 179 degress, Q. =0.1lrad/sec, P =2.0 rad/sec
V. = 38,000 ft/sec., Ye = =45 degress
HUF = 1.0, MUF = 1.0
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TABLE I-12
VENUS ENTRIES -- CASE IDENTIFICATION

K1 - Kaplan's Minimum Temperature Atmosphere TST = 160°K

K2 - Kaplan's Maximum Temperature Atmosphere TST = 245°K
CASE Ye Ve Wg P Cm /1 M/CDA HUF MUF
(degrees) (ft/sec) | (pounds) (rad/sec) @ (slug/ftz)
1 -45 38000 1000 2.0 *1,0 *1,0 1.0 1.0
2 -15 38000 1000 2.0 *1.0 *1.0 1.0 1.0
3 -30 38000 1000 2.0 *1,0 *1,0 1.0 1.0
4 -90 38000 1000 2.0 *1,0 *1.0 1.0 1.0
5 -45 36000 1000 2.0 *1,0 *1.0 1.0 1.0
6 -45 40000 1000 2.0 *1.0 *1,0 1.0 1.0
7 -45 38000 _500 2.0 *1.0 *1.0 1.0 1.0
8 -45 38000 2000 2.0 *1.0 *1.0 1.0 1.0
9 -45 38000 1000 0.0 *1.0 *1,0 1.0 1.0
10 -45 38000 1000 4.0 %*1.0 *1.0 1.0 1.0
11 -45 38000 1000 2.0 *2.0 *1.0 1.0 1.0
12 -45 38000 1000 2.0 *0.5 *1.0 1.0 1.0
13 -45 38000 1000 2.0 *1,0 *1.25 1.0 1.0
14 -45 38000 1000 2.0 *1,0 %*0.8 1.0 1.0
15 -45 38000 1000 2.0 1.0 *0.6 1.0 1.0
16 -45 38000 1000 2.0 *1,0 *1.0 1.3q, 1.0
1.0q4
17 -45 38000 1000 2.0 *1.0 *1.0 1.0q, 1.0
l.3qS
18 -45 38000 1000 2.0 *1.0 *1.0 1.0 0.7Hy
1.09
19 -45 38000 1000 2.0 *1.,0 *1.0 1.0 1_0;{—‘,

0.7q

SO _

NOTE: Underscore indicates change from nominal (Case 1)
*Reflects the number times the nominal C | /I and M/CDA for each vehicle.
a
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C. APPROACH

The technical approach to this study was based on the Avco Research and
Development Division's unsolicited proposal, serial RAD-MS-62-80(L),
Parametric Study of the Entry of Ballistic Capsules into the Atmosphere of
Mars and Venus, the JPL Statement of Work SW-3117, and has as its primary
objective the satisfaction of JPL Description of Work A209627 dated 25 February
1963,

The philosophy of this study was to include all the significant parameters that
have been found from experience to influence the design of an atmospheric entry
vehicle. The design parameters for all aspects of capsule design, such as
aerodynamic, thermodynamic, and structural, were introduced into all
calculations with accuracy sufficient that the importance of any resulting design
uncertainties could be clearly established and evaluated,

The aim of the study was to obtain parametric weight calculations for vehicles
of very different shapes and sizes entering a range of simulated atmospheres
for Venus and Mars, and covering a wide range of entry conditions. Due to
the large number of vehicle and trajectory design parameters involeed in the
study, an efficient computer program was ne cessary. :

1. Computer Program

The computer program was divided into a number of blocks, as follows:
a. Coetticients Block
b. Heating Block
c. Trajectory Block
d. Structure Block

e. Heat Shield Block

Sizing of the programs early in the study indicated a serious problem of
core size limitations of the IBM 7094 computer, and at best two complete
core loads would be required to put the whole program on at once. Hence,
considerable effort was spent in programing to reduce the size of each
block,
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A brief summary of the calculations performed in each block follows:
a. Coefficient Block

This block calculates the Newtonian coefficients for vehicles specified
by the shape parameters discussed earlier. Provision is made for
center of gravity location to ensure a single stable trim point, and to
“calculate the moments of inertia about the pitch and roll axes.

When empirical data are available, this block can be bypassed or the
results of the block modified for use in the trajectory block.

b. Heating Block

The radiative and convective heating are computed by this block. The
approximation of using constant heating distributions throughout a tra-
jectory was used which made the link between this block and the re-
mainder of the program relatively weak. This block was divided into
two problems; (1) computation of reference heat pulses, and (2)
computation of the heating distributions.

The computation of the reference pulses was linked directly to the
trajectory block. This required the combination of the trajectory,
gasdynamics, and radiative heat transfer formulations. The
reference radiative pulse is for the stagnation point. Two radiative
heat pulses are evaluated, one based on equilibrium flow, and the
other on the nonequilibrium contribution.

The reference laminar pulse is for the stagnation point and uses
simplified correlations of numerical solutions for the computation.
The reference turbulent pulse is for a sonic point on the body and
again uses simplified correlations of detailed solutions.

The computation of the heating distribution is done separately, and
factors obtained by which the reference pulses are to be multiplied to
obtain the heating locally. All of the aspects of computing the heating
distributions could not be programed due to the unusual flow fields
occurring at large angles of attack. The block can, in general, be
used to obtain convective heating distributions at small angles of attack.
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c. Trajectory Block

The initial approach of using a particle trajectory computation and
superimposing the dynamics on it frequently led to serious discrepancies
with more exact solutions, Consequently, a more exact formulation was
used, accounting for the effects of drag variation with angle of attack and
the aerodynamic damping due to the plunging motion of the vehicle,

The resultant program has two options; (1) the approximate coupled
four-degree-of-freedom solution, with coefficients which vary with
angle of attack, and (2) the approximate linearized solution with
coefficients varying with Mach number. The latter option can only be
switched in below-peak dynamic pressure, and is done automatically,

This program computes the angle-of-attack envelope, and the altitude-
velocity history. Additional information for the heating, loads, and
parachute calculations are also provided,

d. Structures Block
This block computes a wide variety of structural weights for conical

frustra and spherical caps. The honeycomb analysis was optimized
and can handle various material properties, :

Other aspects of this block are 1) the design of the internal package
and evaluation of its weight, and 2) design of a crushable energy-
absorbing structure and calculation of its weight. The parachute
design and weight computation (when used) is also included in this
block,

e. Heat Shield Block

The heat shield block computes the ablation and insulation material
requirements for protecting the substructure from exceeding a
specified temperature at a particular time. The designs in this
study considered the structural temperature rise to impact.

The effects of radiative and convective heating are separated.
Reinforced plastics can be handled by the program., The program
accounts for the structural heat capacitance, which is very important
for very low M/CpA vehicles.
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The program is an attempt to compromise the accuracy of calculation
with simplicity, speed, and size of the program. In this light,
considerable preparatory work was required to establish the merits
of the approach.

Empirical Data

a. Aerodynamic Coefficients

The literature was searched for data on shapes similar to the selected
Mars and Venus configurations, The results of this survey are
summarized in volume IV,

b. Heating

Radiative heating data were gathered from the literature. In addition,
considerable unpublished work has been done at Avco RAD which was
also utilized. Discussions with Avco Everett personnel were also
valuable in updating the estimated radiative heating estimates.

The nonequilibrium radiative estimates were based on the work done
at the Avco Everett Laboratories on the nonequilibrium effects in air.

The convective heating estimates were correlated from independent
research done at Avco RAD on heating in gas mixtures,

c. Structures

The literature was surveyed for data on buckling of monocoque and
honeycomb shells, The formulas used in the development of the
program were empericized to agree with the data.

A considerable amount of consultation and support was given by the
theoretical applied mechanics group at Avco RAD.

d. Materials

The literature was surveyed for data on materials performance in
gases similar to the Mars and Venus atmospheres. Also, data on the
behavior of materials under combined radiative and convective heating
was sought. The theoretical thermodynamics analysis group at Avco
RAD participated in estimating the material performance in the Mars
and Venus atmospheres.
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II. ANALYTICAL METHODS

COEFFICIENTS BLOCK
1. Introduction

This program computes Cne Cx, CL , Cmq, and ch/d for
arbitrary values of the angle of attack ¢ and pitching speed parameter

Q = qd/2V (in radians). Moments of inertia I, and 1, are also computed
about the center of gravity. The vehicle is assumed uniformly dense fore
and aft of the center of gravity. A center of gravity location can be op-
tionally specified or is calculated from a specified Cm, at angles of attack

of zero and 180 degrees. The most forward (smallest as measured from
nose) c.g. position is used.

The results are based on Newtonian. theory, with the assumption that
separate sections of the body possess shadows but do not cast shadows on
other sections. The sections are limited to those shown in figure I-6.

~ Cones, cone frustums, cylinders, and curved body sections may be handled

by the program.

2. Newtonian Calculations

a. Symbols

A(x) Function defined by equation (7)

B(x) Function defined by equation (8)

Cp Drag coefficient

CL Lift coefficient

Cm Moment coefficient (based on characteristic radius, R,

and characteristic length, d)

CuMm 9 C,,/da
a
Crng (9 Cpn/d Q)
Cn Coefficient of force normal to body
C, Coefficient of force along body axis
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dQ
da

G(X)

M/CpA

Characteristic length, diameter (feet)

Increment in Q used to compute derivatives (radians)
Increment in a used to compute derivatives (radians)
Function defined by equation (9)

Vehicle mass (slugs)

Ballistic coefficient

Angular pitching speed (rad/sec)

Pitching speed parameter: Q = qd/2V (radians)
Radius of truncated afterbody

Radius of flare section

Characteristic radius (cylinder radius, usually) (feet)
Radius of sj)herical nose cap (feet)

Radius of section between nose cap and fore conical
section

Radius at afterbody

Radius at toroidal section

Radius at corner of flare section

Volume (ft3)

Axial coordinate (feet); nose is located at x = 0
Length of body (feet)

Distance of center of gravity from nose (feet)
Distance of center of pressure from nose (feet)
Radial coordinate (feet)

Angle of attack (radians or degrees)
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AQ
A X

Aa

SubscriEts
A

N

Interval between specified values of Q (radians)
Length of cylindrical section

Interval between specified values of a (radians)
Slope of Afterbody

Slope of fore conical section

Slope of flared section

Nose cap angle

Function defined by equation (10) (radians)

Portion of vehicle aft of center of gravity

Length of body

i = 0 denotes moments taken about the nose;

i = g denotes moments and motions taken about the

center of gravity.

(j =1, 2, ... ) numbering the sections of the body which
are cone frustums or cylinders; See figure 1-2.

Portion of vehicle forward of center of gravity

b. Derivation of Equations

The force and moment coefficients are given by:

- ; G; (x)cos w; (sin

[+

Xf *
m-
" 1 1 * m
- A(x)cos w; + By(x) |—— - = sin2e; + —
aR 2 2 4 4
0

2&); + 2)] y(x)dx ,
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Xt
2 * w *
Cx- = A(x) ©; + ——) = B;(x) cos o
1 2 2
7R o

*
@i 1 . * L4
+ 2G; (x) ———4—51n2(ui +T y(x)tan 0 dx ,

X
f *
C 2 J/f A(x) 4 B (x) oLy 200 + <
m. = -— X) Cos (JJi + l X = e == SIiD (L)l +  —
1 chzd 2 4 4

0

*

i+ (x —xpyx)+y®(x)tan 0] dx , (3)

- = G;(x) cos w; (sin2 @

3

. (4)
CLi = - Cxi sin @ + CNi cos a ,
Cp. = C Cy. si (5)
I)1 = xi cos a + Nl simna .
Also compute ch/d
Xcp
T = - Cmo/CNo . (6)
Here the functions A, Bj, Gy, and co; are given by
A(x) =2 sin? 6 cos? a (7)
X+— X
Bi(x) = ~ 8Qsin 6 cos a ( 3 l) cos 8 + yiiX) sin 8] — sin 20sin 2a ,(8)
2
X —X:
G;(x)= <{2Q ( p 1> cos 8 + YZX) sinf| + cosf sina , (9)
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sin € cos
arc sin {—-——a—}s arc sink if |k] <1

cos @ sin a

R
n/2 if k > 1
(10)
—n/2 if k < -1,
with
d
6 = arc tan Y . (11)
X
| The subscript i takes on the values 0 and g,
The following derivatives are also computed:
Cp. (@a+da,Q =Cp. (a, Q)
¢ o o W i , (12)
mai da da
9Cy. CL. (a+da, Q) -C. (0, Q
.. L; _ L; L, (13)
Lai B da da
acm Cm (a1 Q + dQ) - Cm (a, Q)
c - 1 - 1 1 (14)
mq; 4Q dQ

The values of a specified can be equally spaced in three separate ranges,
the interval between two adjacent values being Aa in any one range; Q

is spaced in only one range. The increment dq in the above formulas

is 0.01 radian, and similarly dQ is 0.01 radian,

3. Center-of-Gravity Location

The center of gravity can be optionally specified, if a suitable position is
known in advance. On the other hand, the limitations on the center-of-gravity
position, which meet the requirements of a single stable trim point, may

be unknown. Therefore, an option is provided by which the minimum

stability requirements are specified and from which the center of gravity is
located.
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If the center of gravity position is to be located based on either Cmh ata=

0 degrees and a = 180 degrees, then the following are necessary: ¢

a. Evaluate Cma at a = 0 and « = 180 for i =0 (equation (12)).

b. Solve for XcgG »

d " -
X = — ke - (15)
edazo Cn [( mg)spec. [ (Cma)i=0J a=0

a

l:(cma)spec. - (Cma) (16)

XcGla=180 = _
i=0

a ] a=180

c. A minimum static margin (SM) is also specified at zero angle of
attack, which must be satisfied, so that, ata = 0

d. The xCG position must be tested at all angles of attack to ensure:

Xeg < Xc (18)

CG CP

The smallest value of Xc G from equations 15, 16, 17, 18 is then used.

Note that the specified (C,, )spec at a = 180 degrees is positive if the body
a

is to have an unstable trim at this point.

4, Moments of Inertia

Under the assumption of uniform density fore and aft of the CG, the ratio of
densities pA/pN must be found such that,

r *CG
/ xy2 dx + — dx

*CG
/ 2dx+—A~/

0
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From equation (19) the vehicle density ratio Pa /pN can be calculated.

An expression for the total vehicle mass can be written such that the density
forward of the X position (py) can be calculated,

PA
M=p Vy o+ Va (20)
where
XCG Xg
A" = 7 24x and V, = 2 3x
N = y A=T y
0 XcG

The moment of inertia about the pitch axis is given by

X

XcG f XCG xf ‘
PA 1 PA 2
Iy = mpy / x2y2dx + —_— xzyzdx+ ;[ y“dx+ — [ y4 dx —MXCG(ZI)
0

PN 2eN
0 XcG oe}

Similarly, the moment of inertia in roll about the x axis is given by

*cG 0
A

IXCG =npN / y4dx + ;— / y4dx . (22)
N

5. Evaluation of Coefficients Block

a. Moments of Inertia and Center of Gravity

The moments of inertia in pitch and roll are based on a center of gravity
location which is placed so as to obtain suitable stability (Cma\ for all

angles of attack. The center-of-gravity location is achieved by using
constant vehicle densities for that portion of the vehicle forward and
aft of the center of gravity position (densities are different from each
other).
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A comparison of the predicted moments of inertia was made with more
exact methods using the elemental weights obtained from the heat shield
and structure and residual weight calculations and the results are
tabulated below:

Case M1-A1-1

I, L, | c.G.

Constant Density Method 42.7 | 65.4 0.15d

Each Elemental Piece 37.3 | 34,1 0.177d
(heat shield, structure etc)

The moment of inertia in pitch compares fairly close; however there is

a notable discrepancy for the value about the roll axis, This is caused
by the fact that the residual weight and the internal structure are con-
centrated more closely to the axis as compared with the uniformly
distributed density method. This result brings out the need for iterative
type center-of-gravity location and moments of inertia calculations based
on actual heat shield, structural, and parachute weights,

b, Aerodynamic Coefficients

The aerodynamic coefficients, both as a function of angle of attack and
Mach number, are tabulated in volume IV for each vehicle. A discus-
sion of the reliability and methods of obtaining these coefficients is
also found in volume IV. The coefficients tabulated are Cp, C'N

/d Cm > Cmq, and Cy
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HEATING BLOCK
1. Introduction

The heating block is divided in two parts, consisting of the pressure and
convective heating distributions and the radiation heating calculation. The
radiation heating calculation was connected directly to the trajectory block,
together with approximate expressions for the stagnation point convective
heating and for the turbulent sonic point heating.

The heating analysis was aimed at accounting for the effects of angle of
attack on both the convective and radiative heating distributions. In order
to do this, estimated shock shapes at angle of attack were necessary.

The effects of gas composition on the convective and radiative heating are
accounted for. In addition, the effects of nonequilibrium flow on the radia-

tion heating is accounted for.

In order to handle the three dimensional flow aspects at angle of attack,
approximate methods were evolved suitable for parametric studies.

2. Gas Properties

a. Symbols

h, H Static and total enthalpy (Btu)
M Molecular weight
P Pressure (lb/ft2)

Qy» Qs Qpr Qe Vibrational, rotational, translational, and
electronic partition functions, respectively

T Temperature (°K)
A% Velocity (ft/sec)

XN X0 Xc» Xp Mole fractions of nitrogen, oxygen, carbon
dioxide, and argon in the atmosphere, respectively

p Density (slugs/ft3)
Subscripts
2 Conditions behind a normal shock
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i Refers to ith specie

o Reference condition
S Stagnation point conditions
0o Free stream conditions

b. Flight Conditions

For the computation of the radiative heating over a wide range of flight
conditions, it was decided to solve for the state of the gas at points
along the trajectory. The trajectory variables are flight velocity and
altitude. The altitude, of course, defines the ambient density and tem-
perature. Rather than solve the normal shock solution precisely, a
strong shock approximation was used,

The strong shock approximation is derived as follows. Applying the
continuity and momentum equations across a normal shock, denoting

conditions behind the bow shock with subscript (2) yields:

Continuity:

P2V2 = P Vo

Momentum:
P, + p, VI = P_4 v2 (2)
2T P2V = Rt Py Vo

Eliminating the velocity V3 from the above relationships yields the
static pressure behind the shock as

2 P o
P2

An expression for the stagnation pressure can be found by utilizing the
adiabatic relationship

1

— dpP = dh . (4)
p
Assuming h = yP/(y-1)p where y = const., equation (4) integrates to
-1
. <HS A (5)
Py h; ’
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Since the fraction of kinetic energy in the flow behind a strong normal
shock is small, equation (5) can be expanded as

2
P2 V3
2

1 P,
=p2+—' _"pV
2 00 00

P2

(6)

Substituting the previous result for P, equation (3) into (6) yields

1 Pe
PS = P + pV2 [ —— [} (7)
o0 00 00 2 p2

The ambient pressurc (P) is negligible, and the density ratio is usually

greater than 10, so that the approximation

Pg ™ 5., V2 (8)

estimates the stagnation pressure to within 5 percent, and is on the
high side. This will have an effect on the composition and radiation,
Correlations of radiation heating indicate qr ~ Pg™* 7, in which case
the stagnation pressure estimate would result in less than 7.5 percent
error in the heating, and is on the conservative side.

Utilizing the stagnation pressure approximation of twice the dynamic
pressure and the stagnation enthalpy
va
HS = — +h o ’ (9)
2
the state of the gas is now identified at the stagnation point by Pg, Hg.
The flight velocity, ambient density, ambient temperature, and mole
fractions of the atmospheric constituents are required to define each
state point.

c. Equilibrium Reactions Considered
To define the equilibrium composition, it is necessary to calculate the

equilibrium constants for the chemical reactions which occur. These
reactions can be expressed in the form

z ;ai A 32 :bi B; (10)

where A; are the reactants and B; the products, and a; and b; their
respective stoichiometric coefficients. The pressure equilibrium con-
stant for this reaction as defined in terms of the concentrations is
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b;
X (B)

K = (11)
p ) .
[ X" ()] 2% =)

where:

X (Bi) is the number of moles of each product per initial
mole of gas

X (Aj) is the number of moles of each reactant per intial
mole of cold gas

Z is the total number of moles per initial mole of cold gas
and is sometimes called the compressibility factor.

For each reaction considered, an equation results. Besides this, a

Finally, charge conservation must be observed.

The equilibrium constant is related to the partition function Qp by

AE,

In Kp = +:>: b; 1o Qp (Bi)—z a; In Qp (A) (12)

where

>
m
i

o E b; Eo (Bi) - E a; Eg (Ai) (13)
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is the zero point energy of the products less the zero point energy of
the reactants. The reference state chosen is 0°K.,

A matrix of all the reactions considered is given in table I-13. Four-
teen reaction equations are used, with 19 species. Four elements,
specified as molecular quantities, CO,, N, Op, and A are considered,
The charge (e~) conservation yields the final relationship.

The necessary heats of formation, at 0°K, are given in table 1-14,
The final form of the equilibrium constants is given in table I-15. It
was initially planned to account for AT+, but since so little ionization
of argon was found to occur (as argon was specified for the Mars at-
mosphere only), it was dropped.

The choice of the reactions included those which formed the major
radiating contributors and those which controlled the thermodynamics.

TABLE I-13

REACTION MATRIX:*

Reaction A a) Bj by B, by
1 CO, 1 | CO 1 | O, 1/2
2 0, 1 | o 2 | -- -
3 N, 1 | N 2 | -- V-
4 coO 1 | C 1|0 1
5 CN 1 | C 1 | N 1
6 NO 1 | N 1 | o 1
7 o) 1 | ot 1 | e” 1
8 N 1 | Nt 1 | e~ 1
9 C 1 | ct 1 | e~ 1

10 ct 1 | ctt 1 | e~ 1
11 N 1 | N*T 1 | e 1
12 ot 1 | ott 1 | e" 1
13 N} 1 | Nt 1 | N 1
14 A 1 | At 1 | e~ 1

*19 species
4 elements
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TABLE I-14

HEATS OF FORMATION AT 0°K

Specie E, (°K) E,/RT, | Reference
CN 101414 371.3 I-1
o) 29684 108. 7 I-1
ot 187722 687.2 I-1
ott 595705 2180. 8 1-2
0, 0 0
Ny 0 0
N 56631 207. 3 I-1
Nt 225283 824, 7 1-1
Nt 568944 2082. 8
NO 10811 39.6 I-1
C 132870 486. 4 I-1
ct 263536 964, 8 I-1
ctt 546497 2000. 6 1-2
co 33641 123.2 I-1
CO, 0 0
A 0 0
At 182891 669. 5 I-1
Att 503491 1843, 2 I-2
e” 0 0

Ty = 273. 16°K
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TABLE I-15

EQUILIBRIUM CONSTANTS

The equilibrium constants in the program are given by:

In Kp, (CO, = CO+= Op) = -
In KPZ (O, » 20) = -
ln Kp3 (NZ - ZN) = -

In Kp, (CO~ C+0) = -

In Kp5 (C +
In Kp, (N +

ln K, (O -

In Kp8 (N -

In Kp9 (C -~

+
In KPIO (C

In K Nt
nKp) ¢

1 33500
T

1
> +1n Qp (CO) + 5 In Qp (OZ) - In Q (CO,)

59000

+21In QP (O) - 1n Qp (05)

113200

7 +21nQp(N) - In Qp (N,)

228 10 Qp(CO) + 1n Qg (C) + In Q (O)
N+ oN) = 22287 4 1n QL (CN) - 1In Q5 (O) - 1n Qp (N)
O - NO) = 75;‘}06 +1n Qp (NO) - In Qp (N) - In Qp (O)
ot +e7) = - 22220 4 1nQp(0h) + 1n Qp(e”) - In Qp (O)
Nt +e) = - 1—‘%@ +1nQp(NH) + 10 Qp (e7) - In Qg (N)
ctter) =- % +1n Qp (C*) + In Qp(e”) - In Qp (C)
s Cttpeny = - w +1n Qp(CH) + In Qp(e”) - n ¢, (CH)
SN ey = - % +1n Qp (NP +1n Qg (e7) - In 2 (N)
-0t pen) = - ‘—“)(’Tﬂ +1n Qp (Ot) + In Qp (e7) - In Qp (O1)
SNFEN) = - LQO;’LO +1n Qp (N*) + In Qp (N) - In Qp (NF)
atren) = -2 pmapat s mQp e - In Gy i)
LA pe) = - 3—“3—;’0—0 FIN QL (AT I 0gleny 1A i
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d., Partition Functions

All the thermodynamic properties of a gas can be calculated from their
partition functions, e.g., Penner (ref. I-3), and Mayer and Mavyer (ref.
I-4). The partition function may be expressed as

Q-QQQQ - (14)

The factors on the right of the equation are, respectively, the partition
functions associated with the translational, rotational, vibrational and
electronic energy levels of the gas particle.

The molecular model used in the computations considers the molecule
as a rigid rotator and a harmonic oscillator, It is further assumed that
the rotational and vibrational constants for all excited electronic states
are the same as for the ground state. The limitations of these assump-
tions are discussed by Hertzberg (ref. I-5), from the microscopic view-
point, The assumption of a rigid rotator, harmonic oscillator negates
the effects of

1) Rotational correction factors for stretching
2) Vibrational corrections for an harmonicity
3) Vibration-rotation interaction

4) Azimuthal quantum effects,

The overall effects of these simplifying assumptions on the composition
of the gas have been briefly examined by Rudin and Regent (ref. I-6)

for air, where a maximum of 6 percent difference in the thermodynamic
properties was observed for air up to 15, 000°K, Comparisons of the
calculated results with the results of other methods are given in a later
section. By the methods of statistical mechanics for diatomic molecules,
these factors are:

2rmK T2 RT
@ -5 . (15)
- —h2J(J+ 1)
—_— 2
o - Z (2J+1)68n211{r o BTIKT (16)
f ah2
7=0
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The rotation and description above are common and are the same as
given by Hansen (ref. I-10). For monatomic particles, the rotational
and vibrational partition functions are taken as unity, and the remain-
ing functions are given by equations (15) and (18).

The CO, molecule is a linear symmetric polyatomic molecule, for
which Penner (ref. I-3) gives the form of the rotational and vibrational
partition functions., The form of the rotational partition functions is the
same as given by equation (16), with the symmetry number (a) equal to
2. The vibrational partition function for the CO,; molecule has the form

QV=I 1-e KT ) (19)

A summary of the molecular constants used is given in table I-16 and
the atomic constants are given in table I-17.

The atomic energy levels were taken from Moore (ref. I-7). The molec-
ular constants were in the main, taken from Hertzberg (ref. I-5).

The 9. 76 electron-volt value for nitrogen dissociation is used. The
spectra data for carbon dioxide was taken from McBride and Gordon

(ref. 1I-8), Carbon dioxide has two identical vibrational frequencies,
causing a resonance phenomenon,which is connected with the relatively
long vibrational relaxation times observed for this molecule, e.g.,
Schwartz, Slawsky and Herzfeld (ref. I-9).

Finally, the form of the partition functions is given in table I-18,
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TABLE 1-16

MOLECULAR CONSTANTS

DIATOMIC MOLECULE CONSTANTS

Molecular Rotational Vibrational | Dissociation Electronic Electronic
Particle Weight Constant (°K) | Constant (°K) Energy (°K) |Degeneracy (gn) Energy (°K) i
N, 28 5.78 3390 113, 200 1 0 |
i
O, 32 4,16 2270 59, 000 3 0 |
2 11, 390 j
1 18, 990
CO 28 2.78 3130 128,911 1 0
CN 26 2.74 2980 88, 087 2 0
4 13, 300
2 37,000
NO 30 2.46 2740 75, 506 2 0
2 175
2 63, 400
POLYATOMIC MOLECULE CONSTANTS
Co, 44 1.12 1940 33,500 1 0
962
962
3380
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TABLE I-17

ATOMIC CONSTANTS

Molecular Electronic Electronic Ionization
Particle Weight Degeneracy (g,) | Energy (°K) | Energy (°K)
O 16 5 0 158, 000
3 228
1 326
5 22,800
1 48, 600
N 14 4 0 168, 000
10 27, 700
6 41,500
ot 16 4 0 406, 000
10 38, 600
6 58, 200
+
N 14 1 0 343, 000
3 70
5 188
5 22,000
1 47, 000
5 67,900
e 1 2 0
1820
ott 16 1 0
3 163
5 442
5 29, 200
1 62,100
Nt 14 2 0
4 252
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TABLE I-17 (Cont'd)

Molecular Electronic Electronic Ionization
Particle Weight Degeneracy (gp) Energy (°K) |Energy (°K)
C 12 1 0] 131, 000
3 23
5 62
5 14, 700
1 31, 200
ct 12 2 0
4 92 282,000
ctt 12 1 0
A 40 1 0 182, 000
At 40 4 0 318, 000
3 2060
Att 40 5 0
3 1600
1 2260
5 20, 000
1 47, 600
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TABLE I-18

PARTITION FUNCTIONS

The logarithms of the partition functions are:

InQ(CO2) =L InT+1.90 -ln (1 - e!9%0/Ty  Hp (1 -e"%2/T) _jn (g, -33801T) - Inp

2
InQ (Np) = % In T -0.42 - In (1 - e 237977y _1np
1nQ (0,) =% In T 40,11 -1n (1 - e 227%Ty 4 1 (3 4 26 T11390/T ,  -18990/T)
1nQ(COY= L InT+0.32 - 1n(1 - e 213%/Ty [y
1nQ(NO) = L In T +0.54 - 1n (1 - e 274/ T) 4 15 (2 4 2e “175/T 4 20763400/ T)
1nQ (CN) = % In T +0.22 -1n (1 - ¢ 2980Ty L 1 (2 4 4713300/ T 5 -37000/T) )
1nQ(O) = 2 In T +0.50 + In (5 + 3¢~228/T 4 o=326/T o -22800/T  -48600/T) )
InQ (N) = % InT +0.30 + In (4 + 10027700/ T | (=41500/Ty )
1nQ (C) = _Z. In T + 0,07 + In (9 + 5e-14700/T 4 o-31200/T)
1nQ (O = % In T +0.50 + In (4 + 10738600/ T | ¢ ~58200/T) -\
1nQ (N1 = % InT+0.30+In(1+3e T/ T 4 5-189/T, 5 -22000/T  -47000/T . -67900/T,
1nQ(C" =2 InT+0.07+1n(2+ 4e™92/T _1np
1nQ (011 = % In T +0.50 + In (1 + 30 104/ T, g m442/T, 5e-29200/T+e_62100/T) - inp
1nQ (N¥1) = % InT+0.30 + 1n (2 + de 2227y 1np
m(C*) =2 InT+0.07-1np
an(e_)=% InT-14.24 - Inp
InQ (N, = % In T - 0,42 - In (1 - e 180Ty, 1, (24 2e730000/ T, -12970/T) o
1nQ (A) =% InT +1.86 - Inp
1nQ (A%) = % In T + 1.866 + 1n (4 + 2¢72000/T) _ 1
1nQ (V1 5 T4 L ser s L (5 ¢ 2071000/ T -2260/T -20000/T - -47600/T

Z

Note: for the Partition Functions, pressure is expressed in atmospheres,
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e. Method of Calculation

Either of two methods are frequently used for solving the reaction equa-
tions to ascertain the composition at a state point. One of these methods
uses the concept of minimization of free energy while the other attempts
the simultaneous solution directly, The work of Hansen (ref, 1-10)

using the latter approach, is particularly noteworthy as illustrating how
simple calculations for air can be made with good engineering accuracy.

Since the trajectory variables yield pressure and enthalpy, whereas

the partition functions involve temperature and pressure, a rapidly con-
vergent method was necessary. This was especially true in light of

the concept of directly computing the composition along each trajectory.
With computation speed and simplicity in mind, the approach used by
Hansen, whereby the calculation is divided into zones, was selected.,

In each zone, only the important thermodynamic reactions would be
solved simultaneously, thereby reducing the calculation to relatively
simple algebraic relationships. The main difficulty with this approach
lies at the zone boundaries, where small gaps in the calculations appear.

Preliminary computations indicated the desirability of accurately pre-
dicting the delineation of the zones. This can be seen intuitively as the
edges of the zones demonstrate certain changes in the behavior of the
gas. At the edges of the zones, the derivatives of the concentrations
are essentially zero and hence a plot of (Z), the compressibility factor,
against temperature, holding pressure constant, would indicate inflec-
tion points at the zone edges. This can be seen in Hansen's results,

A plot of temperature versus enthalpy, with pressure constant, will
also exhibit inflection points at the zone edges. The results of the tem-
perature calculations follow the general pattern depicted in the sketch
below,

BOUNDARY

P= CONSTANT

TEMPERATURE VERSES ENTHALPY NEAR A ZONE EDGE
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To minimize the effects of the zone edges, calculations were made to
estimate the achievable tolerances of convergence. It was found that
in order to achieve convergence to within 2 percent of the enthalpy at
the zone edges, specific tables for each mixture would be desirable
which denoted the enthalpies and pressures corresponding to the zone
edges.

Examination of the results of other calculations led to the following
choice of zones:

1) Zone No. 1 -- Thermodynamic Reactions

0O, - 20
CO, » CO + 1/2 O,
In zone 1, therefore, two simultaneous equations resulted.

At the end of zone 1, O, and CO, are fully dissociated.

2) Zone No, 2 -- Thermodynamic Reactions
N, » 2N
CO -C+0O

In zone 2, two simultaneous equations resulted, as argon was
not coupled.

At the end of zone 2, all molecules are fully dissociated.

3) Zone No. 3 -- Thermodynamic Reactions

N » Nt +e-
c-ctie”
O -0t te-
At the end of zone 3, all atoms are fully ionized.

Argon was omitted in zone 3 as it was unnecessary, as few points
of the Mars cases fell in this zone.
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4) Zone 4 -- Thermodynamic Reactions

Nt Nt 4 oe-
Cct - CH 4 e
ot - ottt e-

At the end of zone 4 all particles are doubly ionized. Argon was
omitted in zone 4, as no Mars entry cases fell in this zone. The
thermodynamic reactions were assumed to control the temperature
and density calculation having specified the pressure and enthalpy.
With the solution for the temperature in hand, the concentrations
for the remaining species were evaluated;

5) Zone No. 1 -- Minor Reactions

No other reactions were used in this zone, as the limits are such
that relatively little radiation could be expected from this zone.
It should be noted that the specified concentrations of N> and A
were not changed in the first zone.

6) Zone No. 2 -- Minor Reactions

CN » C+N

NO - N+ O

N ->Nt te-

C >Ctite-

O -0t te-

A - A+ + e'

N‘ZL SNt 4N
The concentrations of CN and NO were assumed small and found
by the expressions for their equilibrium constants, relating the
concentrations to those for C and N obtained from the thermody-
namic solution, Treatment of the small concentrations of ionized
species necessitated the addition of the charge conservation rela-

tionship. The amount of ionization of argon was assumed small,
so that the argon concentration was unchanged in zone 2.
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7) Zone No. 3 -- Minor Reactions

CN -C+N
NO -N+O
Nt LNt 4N
2
These concentrations were computed assuming them to be small
and simply relating them to the previously computed concentrations

through their respective equilibrium constants.

An iterative solution was required to match the enthalpy and pres-
sure specified, The enthalpy is found by

MH MH;
= X; —
RT, RT,

where
MH. E,. 2 /31 Q
i i T ( 1)
— . =
RTo RTo To JdT P

f. Reference Conditions

The enthalpies have been normalized with respect to RTOIM, where
T, = 273, 16°K and the molecular weight is

M= 28Xy + 32Xg + 44XC + 40X,

where R is the universal gas constant, M is the molecular weight of the
cold gas, and XN, XO, XC, XA are the mole fractions of NZ’ 02, co,,
and A in the atmosphere. The reference P, is 1 atmosphere, or 21126
1b/ft2. The reference density now depends on the molecular weight of
the atmospheric constituents.

g. Zone Tables

Eleven zone tables were developed covering the range of carbon dioxide
and nitrogen mixtures of interest. These tables are summarized in
table I-19, A special table was also prepared for air. It was found
that the zones for the argon mixtures could be satisfactorily handled by
considering an equivalent concentration of nitrogen for the total nitrogen
and argon concentrations.
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TABLE I-19

ZONE TABLES

Xy = 0.97
X = 0.02
X5 = 0.0l
P T, T, T
100 4800 12, 800 31,300
10 4300 10, 700 25,500
1 3800 9200 21, 400
0.1 3500 8000 18, 400
0.01 3200 7100 16,000
0.001 2900 6400 14, 200
0.0001 2720 5800 12,800
P (HM/RT,), (HM/RT,), (HM/RT,),

100 81.3 716 2757
10 73.2 659 2544
1 64.9 618 2389
0.1 59.0 587 2274
0.01 55.1 564 2179
0. 001 50. 2 547 2109
0.0001 47.2 534 2055
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TABLE 1I-19 (Cont'd)

Xy = 0.94
X = 0.01
X = 0.05
P T, T, T,
100 5100 12, 700 31,300
10 4500 10, 700 25, 600
1 4000 9100 21, 400
0.1 3600 8000 18, 400
0.01 3300 7100 16, 000
0.001 3000 6300 14, 200
0.0001 2700 5700 12, 700
P (HM/RT ), (HM/RT,), (HM/RT,),
100 94. 7 724 2800
10 84.7 670 2588
1 76.3 625 2425
0.1 69.6 598 2309
0.01 64.7 575 2213
0.001 59.6 556 2141
0.0001 54. 6 541 2082

-60-




TABLE I- 19 (Cont'd)

XN = 0.915
Xc = 0.075
Xg = 0.01
P T, T, Ts
100 5200 12, 700 31, 400
10 4600 10, 600 25, 600
1 4100 9100 21, 400
0.1 3700 7900 18, 400
0.01 3300 7000 16,000
0.001 3000 6300 14, 200
0.0001 2800 5700 12, 700
P (HM/RT,), (HM/RT,), (HM/RT,),
100 103 734 2841
10 93.2 676 2620
1 84.8 635 2456
0.1 78.0 603 2338
0.01 71.1 580 2241
0.001 66.0 564 2168
0.0001 62.7 550 2106
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TABLE I-19 (Cont'd)

Xy = 089
X = 0.01
X =0.10
P T, T, T
100 5300 12, 600 31, 400
10 4700 10, 600 25, 600
1 4100 9100 21, 500
0.1 3700 7900 18, 400
0.01 3400 7000 16, 000
0.001 3100 6200 14, 200
0.0001 2800 5600 12,700
P (HM/RTy)) (HM/RTg), (HM/RT,),
100 112 739 2882
10 102 686 2653
1 91.3 644 2492
0.1 84.5 612 2367
0. 01 79.5 590 2269
0.001 74.2 569 2194
0.0001 69. 1 555 2132
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TABLE I-19 (Cont'd)

XN = 0.84
Xo = 0.01
Xc = 0.15
100 5500 12, 500 31, 500
10 4800 10, 500 25, 600
1 4200 9000 21,500
0.1 3800 7800 18,400
0.01 3400 6900 16, 000
0.001 3100 6200 14,100
0.0001 2900 5600 12,600
P (I—IM/RTO)l (HM/ RTo)z (I—IM/RT,;,)3
100 130 756 2953
10 117 700 2718
1 107 660 2554
0.1 99.6 627 2426
0.01 92.5 604 2325
0.001 87.2 588 2244
0.0001 83.8 574 2181
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TABLE I-19 (Cont'd)

Xy = 0.79
X = 0.2
Xg = 0.01
P T, T, T3
100 5600 12, 400 31, 500
10 4900 10, 400 25, 700
1 4300 8900 21, 500
0.1 3900 7800 18, 400
0.01 3500 6900 16, 000
0.001 3200 6100 14, 100
0.0001 2900 5500 12, 600
P (HM/RT,), (HM/RT,), (HM/RT,)3
100 145 772 3024
10 133 717 2791
1 122 675 2616
0.1 115 646 2484
0.01 108 623 2380
0.001 102 602 2298
0.0001 96.7 587 2232
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TABLE I-19 (Cont'd)

Xy = 0.69
Xg = 0.01
X = 0.3
P T, T, T,
100 5800 12,200 31, 600
10 5000 10, 200 25,800
1 4400 8800 21,600
0.1 3900 7700 18, 400
0.01 3500 6800 16, 000
0.001 3200 6100 14, 100
0. 0001 2000 5500 12, 500
P (HM/RT,), (HM/RT,), (HM/RT,)
100 177 804 3172
10 162 747 2929
1 151 709 2745
0.1 141 678 2601
0.01 134 654 2492
0.001 128 637 2405
0.0001 124 621 2331
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TABLE I-19 (Cont'd)

X = 0.49
X = 0.01
X = 0.50
P T, T, T,
100 6100 11, 900 31, 900
10 5300 10, 000 25, 900
1 4600 8600 21, 600
0.1 4100 7600 18, 400
0.01 3700 6700 16, 000
0.001 3300 6000 14, 000
0.0001 3000 5500 12, 500
P (HM/RT), (HM/RT,), (HM/RT,),
100 241 869 3479
10 224 815 3199
1 210 174 2993
0.1 199 747 2835
0.01 192 722 2716
0.001 183 702 2614
0.0001 176 691 2537
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TABLE I1-19 (Cont'd)

XN=O.M

Xo = 0.01

X =0.85

P T, T, T,
100 6500 11, 800 32,200
10 5600 10, 000 26,200
1 4900 8600 21,800
0.1 4300 7600 18, 500
0.01 3800 6700 15,900
0.001 3400 6100 14,000
0.0001 3100 5500 12,400
P (HM_/RTO)1 (HM:/RTO)2 (HM/RTO)3

100 351 996 4001
10 330 942 3685
1 313 900 3441
0.1 299 871 3252
0.01 287 843 3099
0.001 277 828 2987
0.0001 269 808 2892
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TABLE I-19 (Cont'd)

X\ =0.01

X~ =0.01

XC = 0. 98
100 6800 11, 900 32,300
10 5900 10, 000 26,200
1 5100 8700 21,800
0.1 4500 7600 18,500
0.01 4000 6800 15,900
0.001 3600 6100 14,000
0.0001 3300 5500 12,400

P (HM/RT,), (HM/ RTo), (HM/RT,),

100 397 1048 4198
10 375 989 3858
1 354 951 3606
0.1 339 917 3405
0.01 326 894 3244
0.001 316 873 3126
0.0001 309 853 3026
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TABLE I-19 (Concl'd)

XN = 0.78
Xo= 0.21
X = 0.01
P T, T, T3
100 5900 12, 500 31, 600
10 5100 10, 500 25,800
1 4500 9100 21,700
0.1 4000 7900 18,600
0.01 3600 7000 16,200
0.001 3300 6300 14, 300
0.0001 3000 5700 12,800
P (HM/RT,), (HM/RT,), (HM/RTo)4
100 144 655 2737
10 130 603 2522
1 120 569 2366
0.1 112 538 2244
0.01 105 516 2148
0.001 99. 8 501 2071
0.0001 94. 8 468 2011
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In general, any mixture ratio can be analyzed by specifying the table
which has the concentrations most closely representative of the mixture
of interest. Several special cases are not possible; zero concentrations
of carbon dioxide and/or zero concentrations of nitrogen. Zero concen-
trations of oxygen and/or argon can be specified. The reason for the
exception is due to singularities in the algebraic relationships used in
solving the equilibrium concentrations. Additional programing was
deemed unnecessary, as these two concentrations (CO2, Njp) can be
made small enough, on the order of 0. 001, so that they have a negligible
effect on the results. '

Pressure Distribution

a. Symbols

A streamtube area (ftz)
Cp specific heat at constant pressure
h, H static and total enthalpy (Btu/lb)
K, radius of curvature of streamlines
M Mach number
n distance normal to streamlines
Pe pressure at edge of entropy layer and/or at edge of
boundary layer (lb/ft2)
gas constant; also body radius
c reference radius (feet)
s distance along streamlines
T temperature (°K)
u local velocity
A free stream velocity
x axial coordinate
y radial coordinate
ratio of specific heats
) streamline deflection angle
P density (slugs/ft3)
0 body surface slope
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Subscripts

e conditions edge of entropy layer

o conditions at start of entropy layer calculation
s stagnation conditions

w conditions at the shock wave

o free stream conditions.

b. Derivation of Equations*

The effect of nose bluntness on the hypersonic flow around bodies lies
in the formation of a high-entropy, low density layer near the surface
of the body. This layer is caused by the streamlines near the body

passing through the normal or near normal portion of the shock, whereas

the streamlines away from the body have passed through a shock inclined
at a small angle, Since the entropy rise across the normal portion is
higher than across the inclined portion, and since entropy is constant
along streamlines, the formation of the so-called "entropy layer' is
obtained. This entropy layer has recently received considerable atten-
tion by various authors (ref. I-11 to I-14),

The existence of the entropy layer can be demonstrated through an in-
vestigation of the blast-wave solution. The problem of a violent spher-
ical explosion was treated numerically by G. I. Taylor (ref. I-15) and
analytically by L. I. Sedov (ref. I-16). S. C. Lin (ref. I-17) extended
the solution to the case of a violent cylindrical explosion. He pointed
out that, through the use of the hypersonic equivalence principle of
Hayes, the solution should apply to the wake of an unyawed axisymmetric
body in hypersonic flight, Cheng and Pallone (ref. I-18) and Lees and
Kubota (ref. I-19) extended this analogy to the flow field about two-
dimensional and axisymmetric blunt-nosed slender bodies, respectively.

Einbinder (ref. 1-20) has analyzed the blast-wave solution for variousy
and has demonstrated the existence of a high-temperature, low -density
region near the core. Freeman (ref. I-21) has examined this solution
in the limit asy - 1 and has found that the whole flow is concentrated
near the shock wave, the only particles in the region between the shock
and the center being those that were originally very near the center.

He also found that, except in the region near the shock, the temperature
is large.

*The derivation follows that given by Salathe, E.P., Entropy-Layer Theory For Pressure Distributions in Hypersonic Flow,
Avco Doc. RAD-TM-62-79 (1962).
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Since for sufficiently high-flight velocities and sufficiently slender
bodies the flow variables in the inner and outer regions of the shock
layer must differ considerably, a reasonable description of the flow
field can be achieved by considering the two sections separately and
matching them at their common boundary.

Consider the hypersonic flow over an axisymmetric blunt body. It is
convenient to use the '"'natural coordinate system'' in which one coor-
dinate (s) is measured along the streamlines, the other (n) is perpen-
dicular to it. The one-dimensional flow equations are applicable to a
streamtube formed by two adjacent streamlines.

The equations of one-dimensional flow written for the streamtube formed
by the stream surfaces n and n + An have the form

Continuity: pulA = constant (20)
N du dp
tum: —_— - —
s Momentum pu = 3. (21)
Moment o’ °p 2 92 (22)
a Momentum: = - — = —_—
K. dn P ds
1 2
Energy: h + Y u“ = H (23)
State: P = pRT . (24)

Here, AA is the area of the streamtube between the stream surfaces n
and n + An.

From equations (20) to (24), the one-dimensional isentropic relation-
ships along a streamtube can be derived. A simplification in the rela-
tionship between the streamtube area and the pressure is sought. By
continuity.

dp du dA A
p T AR (24a)

and by the energy equation

2du dh 2CpT gt 2 T (24b)
u H-h 2 T (y-DM2 T
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Using the isentropic relationships

o _ 1 4P (25)
P Yy P
and
dT  (y-1) dp
T oy P
then equations (24a), (24b), and (25) combine to yield,
d M2 dAaA
dp __y M7 dA (26)

P (1-M2) A

The assumption is now made that M2 >> 1, such that M2/1 - M2 = -1.
This assumption is justified at the outer edge of the entropy layer where
the Mach number is higher than at the body surface. For bodies which
have rapid expansions near the nose, as a hemisphere cylinder, the
above approximation should be quite good close to the nose. The use

of this method is now, however, clearly restricted to a supersonic
region, and the method using the results is discussed in the following
section,

The pressure and area ratios are now related by
1

Y
AA /Pe

AA, \Peo ) (27)

The area of the streamtube is related to y by
AA = 27 cos 8§ ydy (28)

so that in the limit as the streamtube thickness approaches zero,
1

Y

cos §ydy = o cos §; y,dy, . (29)

Neglecting the variation of § across the entropy layer, this equation
can be integrated to yield
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Aeo Pe sec 6 R2
Ye = — +
€ T Peo sec 00 (30)

where Keo =7 (yéO - RCZ,), Equation (30) relates the growth of the en-
tropy layer to the pressure impressed upon it by the outer layer. A
number of methods, e.g., tangent wedge, shock expansion, and New-
tonian theory, can be used to analyze the outer layer, considering it to
be attached to an "effective body', the body plus the entropy layer.

For simplicity, the Newtonian pressure relationship without centrifugal
correction is used, given by

(dye)z
d
P, =P, +p, V2 - (31)
o0 2
dy
1+ e

where ye(x) is the height of the entropy layer given by equation (30).
Since the pressure is assumed constant across the entropy layer, the
body surface pressure is also defined by equation (31). Combining

equations (30) and (31), a differential equation for the pressure is
obtained.

A Y
Pe = Pwo eo ( Pe> sec 6 2
+ R
Poo V& = Pe * Poo T \Peo se< %
(y +1)
eo Pe 4 sec 6 d Pe
- 2y m Peo sec 6, dx Peo
1
sec f Aeo Pe Y p d6 R 0
+ . tan — + R tan .
sec 6 2n Peo dx (32)

The initial area of the entropy layer Keo can be related to the drag of
the nose.
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The energy in any transverse plane of the flow field is given by

yW yW
E =2 / ° d 2 PV’ d (33)
=27 ydy + 2= =y

(y-1) 2 Y

R R

where y is the value of y at the shock. The first term represents the
thermal energy and the second represents the kinetic energy of the flow,
The thermal energy is much larger than that in the outer layer and ac-

counts for the greatest portion of the energy. Hence equation (33) is
approximately given by

Yeo 2 2 -
1 F'eo Yeo — Ro Aeo Peo
E=2n —— Pydy = 27 = (34)
(y-1) y—1 2 (y—-1)
R

as the pressure is assumed constant across the entropy layer,
Since the energy is supplied by the drag,

A, P
eo " eo
= D (35)
y—1
or
- D
AP(\ = 7z (v - 1
Feo

For the particular case of a blunt nosed cone, for which 6 = constant,
equation (32) can be written, using equation (35), in the form

y+1
dP_/P P Y SR X
e'ts ) 0 X o
—_— . X [e ~ tan 6 + tanZg [— -
dx B \P_ /RC R, R
P P 1
= _ = - 2
PS Ps Pe Y Ro X %5
- 2B [— + |=~— + tanf {— - —
Pe Poo PS RC C RC
l - — 4+ .
Py Py
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where

1 —_
YRR

c
Peo 4 Pe R dR
B o= {3 mOROR
s Py c c

0

The initial value of pressure, P_ is determined from upstream con-
ditions as described below.

c. Calculation Model

The calculation model for the pressure distribution is premised on the
use of equation (36) for conical sections. Each vehicle shape is divided
into a series of conical sections and sharp corners. A Prandtl-Meyer
expansion is used to relate the pressures fore and aft of the corners.

Over the blunt face, Newtonian theory is used until the pressure gradient
equals that given by a Prandtl-Meyer expansion. This method has been
suggested by Lees and Kabota (ref. I-22) and used extensively. It is
sometimes called the Newtonian-Prandtl-Meyer approximation. The
match point between the Newtonian and Prandtl-Meyer solutions has

been evaluated, and the pressure at this point, P*/Pg is given by the
expression 2

y-1 ’
*
Pe s 2 Ps 4 (
1l - =— — -1 -1

ps ?)’*1 P

Starting at the stagnation point, the pressure ratio is given by,

Pe P
— = sin20 + — cos? @ (38)
pS PS
for
= >60>6"
5 =7z

where 6° is given by
*

P
(3

— - sin?8" +
pS S

*

c052 a
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Then for 60 > 0> 6c, a Prandtl-Meyer expansion is used giving

y -1

2 Pg Y .
dpe/Ps Pe y—=1 Pe

a6 7 pg T T (39)

2 Pg\ 7
— | (= Y
y—-1 P.

On the other hand, if 6. > 6%, then following station 2 as shown in figure
I1-7, a linear pressure variation from station 2 to station 3, is assumed
with sonic pressure assumed ahead of the corner at station 3. Whenequa-

tion (36) is used, going from station 2 to station 3 substitute conditions
at 0 with conditions at 2. Going around the corner from station 3 to

station 4, a Prandtl-Meyer is used. From station 4 to station 5, equa-
tion (36) is used substituting conditions at 0 with conditions at 4. Going
from the cylinder to the flare, a reverse Prandtl-Meyer is used to ap-
proximate the oblique shock. Along the succeeding sections, the above
technique is simply repeated. Along the boat-tail sections, negative

cone angles are inserted. The geometric relationships between stations

are similar to those given in the coefficients section.

The above approach has been successfully used for angle-of-attack cal-

i ini .r 3 - ~ tla ot ada o
culations by redefining the body geometry with respect to the new stag-

nation point,

4. Convective Heating

a. Symbols

a,b Nose bluntness parameters

M Molecular weight

P Pressure (lb/ft2)

q Heat rate (Btu/ftz-sec)

R Body radius (feet)

Re, Ry, R, Oy, Body geometry parameters defined in figure I-6
S Distance along streamline (feet)

u Local velocity (ft/sec)

\Z Flight velocity (ft/sec)
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a Angle of attack
b Meridian angle
y Ratio of specific heats

p Density (slugs/ft3)

Subscripts

e Edge of boundary layer
S Stagnation conditions

T Turbulent flow

oo Free stream conditions

( )* Sonic point conditions.
b. Stagnation Point*

The thermodynamic and transport properties used in this study have
been generated recently at Avco RAD, In all cases, the best molecular
data presently available have been used.

The thermodynamic properties for mixtures of CO2 and N, have been
generated by a technique which is based on the minimization of free
energy. Complete descriptions of the technique and of the machine
program are given in Avco RAD reports (refs, I-23 and I-24).

For these heat-transfer studies, the transport properties have been
calculated to 20, 000°K for pressures from 0,1 to 100 atm. The species
included in these calculations are as follows: C, CO, COZ’ C3OZ’ o,

+ + + o+ -
02, NZO4’ NZOS' c,Cco, 0, 02, e , CN, CZNZ’ C

N_, N, N, NO,
+ + 2
NO,, N,0, N', and NO".

4 2

*A detailed discussion of these effects is given by Van Tassell, W., Convective Heating i A
e AL T a2 vese ! , vective Heating in Planetary Atmospheres,
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The transport properties have been calculated by the techniques.out-

lined by Yos (ref I-25), using the best-available collision cross sections
published.

Heat-transfer rates and boundary-layer profiles have been found from
a similar solution of the laminar boundary-layer equations. A detailed
description of the solution is also given in reference I-26.

The atomic composition was assumed to be constant throughout the
boundary layer. In essence, this means that multicomponent diffusion
was neglected. All fluid properties were continuously variable through-
out the boundary layer. The effects of chemical reactions were in-
cluded by employing the reaction-conductivity concept. All calcula-
tions assumed a wall temperature of 300°K. Argon calculations were
incomplete,so the molecular weight correlation evolved from the above
studies was assumed for the argon mixture also.

The results for four mixture ratios are shown in figures I-7 thru I-10,
It should be noted that stagnation enthalpy ratios, H/RTq, are a func-
tion of the composition, and hence the corresponding flight velocity is
a function of the composition. A correlation of the stagnation point
heating with flight velocity was evolved, and is given by

™ N ———
Vo \ ¥ 1 /du
= K\/ﬁ —_ - — Btu/ftz-sec
Is Poo 4 v_\d
10 00 s S

where
K = (1.1+0.075M) x 104
B = 3.909 -0.0229 M
M = molecular weight

velocity gradient at stagnation point.

(&)

The range of K and b are

M 10—4K B
28 3.2 3.259
44 4.4 2.899
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The stagnation point velocity gradient was computed using Vinokur's
(ref. 1-27) results where the gradient is given as a function of

the minor and major axes of an elliptical nose. The relation given
for the gradient by Vinokur has been correlated as:

- C

a du Poo

(= - Kl —

Voo \ds/g Ps
where

b\2-7
C = 0.25 + 0.285 (->

a

b\3
= 1.0 + 0.66<—>
1 a

To utilize Vinokur's results, a nose section consisting of Ry and Rg
is assumed to be equivalent to an elliptical nose with axes (a) and (b)
given by

and

K

a = RN sin@N + Rg (1 —sinGN)

b= RyU —cosfy) + Rgcosfy

The approach above cannot be applied if the flow is subsonic on the
forecone. In these cases, the schlieren photographs supplied by JPL
were utilized. The data were used by correlating the standoff distance
with an effective b/a, and using Vinokur's result to scale the effect of
density ratio.

At angle of attack (three dimensional stagnation point) test data must
be relied upon, at present, for accurate stagnation point location. In
the absence of comprehensive data for all the shapes considered, a
consistent analysis based on the Newtonian stagnation point location,
was performed.
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Using the method of reference I-28, the stagnation point heating is

given as
27 ;/2
95 a Ra =0 do
qS’ a=0 - 27 R(¢)

0

where R, _ gis the nose radius at the stagnation point at zero angle of
attack and ¢is the position angle about the stagnation point, and R(¢)
is the radius of curvature at the angle ¢, As the integral is very
difficult to evaluate, it was modified as follows

. 27 1/2
95 g (s*/Re) 40 do
95 ¢=0 27 0 (S*/RC)

where (s */Rc)a _ ols the distance to the sonic point at zero angle of

varies with ¢ . The s*/RC variations were obtained with ¢ and the in-
tegral evaluated (hoth done graphically). The angle of attack effect ob-
tained using the radius of curvature integral is seen te be discontinuous

where the stagnation point leaves the nose radius, and occurs on the
shoulder radius segment.

c. Convective Heating Distributions
The theoretical analysis of a laminar boundary layer with a Pressure

gradient is considerably simplified if ''local similarity' is assumed.
A complete discussion of this approach to boundary layer analysis is

given in reference I-29. Some estimates of the errors involved in using

rapidly (i.e., around a sharp corner) are given in reference I-29, The
indications are that the similarity theory is adequate for engineering
analyses of a wide variety of configurations. The variation in heat

transfer is given as a function of the stagnation point heat transfer
rate, i,e.,

LR FAR VAR YA ,f e (du 1+.o96\//?)
% 2 (i)(m)(ﬁ:) R—c; v, <ds>s 1.068
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attack and s*/R . is the distance to the sonic point at angle of attack and



where

and u/V,, (the local velocity) is given by

e [ (RO
Vm Ps :

The velocity gradient term is evaluated by means of Newtonian theory,

for use within the above relation for heating rate distribution. The
applicability of this technique is shown in reference 1-30,

An approximate theory is utilized for evaluating the turbulent heat
transfer rate for a highly cooled boundary layer for the case of
blunted bodies of revolution in high speed flight. The turbulent dis-
tribution is given by

y+7
10y

ug \0-8 02

0G-1) ,, _1\0.4

2 1

(__> (y ) (s/R:)%2
y - y+ 1

P y—1
where qp* is the heating rate at the sonic point where < - < 2 >
P 1
Y+

s

s%/R is the distance along the body to the sonic point.
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The turbulent sonic point heating correlation used is that suggested
for air,

v_\318

q’} = (XKT) P£'8 I Btu/ftz-sec
104

The angle of attack effects on body pressure distribution and subse-
quently by the heating distributions can be evaluated by means of an
equivalent body whose contour is obtained by rotating the body about

a new axis of symmetry through the stagnation point. The heating dis-
tribution can be computed at angle of attack on the windward-most
facing elements (the body streamlines in the plane formed by the body
axis and wind axis) by means of the similarity method (ref. I-28),

Two simplified models for vehicle oscillatory motion were used in the
heating analysis. For all cases with initial vehicle spin, a lunar-
motion dynamics model was utilized which assumed the spin frequency
was equal to the pitch frequency. Thus, a single longitudinal meridian
would always face the free stream velocity vector and the heat shield
is designed to the heating found on the windward ray of the vehicle at
an angle of attack which equals the envelope value. With spin, the
lunar motion model is justified since the vehicle natural frequence may

be of the same magnitude as the spin rate twice during th

o
ig vid

©
on

and at high heating rates relative to the peak rate.

With zero spin, the angle of attack is varying from the envelope value
to zero, and the averaged heating rate is going to be less than the heat-
ing determined by a lunar motion assumption., A comparison of the
convective heating at a point on the M1 afterbody for the two dynamics
models is shown in figure I-11.

The complete determination of the heating at some point on the after-
body requires the angle of attack envelope (along with a dynamics
model), the stagnation point heating (q¢) and the heating distribution

as functions of time; the number of calculations needed for the required
parameter variation would be excessive. It was found that a sufficient

reduction in the calculations with little loss in accuracy could be achieved

by assuming the heating distribution for the angle of attack at peak con-
vective heating to apply over the entire trajectory.
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5. Radiative Heating

a. Symbols

Al Surface area of the radiating volume

B Planck's blackbody function

c Speed of light

¢, T;, n; Empirical constants determined from shock tube

experiments and theoretical considerations

dg Degeneracy of the absorbing state

E Radiative power

fo Electronic oscillator strength for absorption
h Planck's constant

I Radiant intensity

I Blackbody intensity

K Mass absorption cocfficient

N. Number of molecules or atoms of species i or the
concentration of absorbing molecules

Radiative heat rate (Btu/ft2-sec)

9

I Classical electron radius

T Temperature of the slab

v Flight velocity

x; Fraction of molecules in the absorbing state

z Geometrical variable normal to the body

o Shock detachment distance

0 Angle between the normal to the plane and each ray;

also, azimuthal angle to the normal.
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I Reduced mass of the molecule

Yo o Wave number of the (0,0) vibration transition
v Frequency in wave numbers
¢ Flux radiated per unit volume and distance normal to

the surface

p Density

o Stefan-Boltzman constant
™ Optical thickness
Subscripts

b Conditions at the body

E Equilibrium conditions

NE Nonequilibrium conditions
RAD Includes equilibrium and nonequilibrium effects
P Peak value

s Stagnation point conditions
w Shock wave conditions

o0 Free stream conditions

b,  General Equation of Radiative Transfer

In a gaseous medium of low density such as that found in the region
behind the shock wave of an entry vehicle, the scattering of radiative
energy may be neglected. Therefore, a pencil of radiation traversing
this medium will be weakened only by absorption by the molecules in
its path, We may define the absorption coefficient K, as the expected
number of absorptions which will occur between photons and the atmos-
phere per unit path length of travel. The emission coefficient j, may
be defined as the amount of energy that will be emitted from an element
of mass into a solid angle in the wavelength interval (A, A + dA), If we
assume that the conditions are such that we can define at each point

in the radiating volume a local temperature T, then by Kirchoff's law
we have:
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A = Ky B, (D) . (40)

The change in intensity across a small cylinder of height ds and cross
section do in the wavelength interval (A, A + d}) in time dt and confined
to a unit solid angle dw is:

dr,

——— dsdAdodwdt .
ds

The energy difference is due to a rate of emission greater than that of
absorption,

The amount of energy absorbed will be

K, ds Iy dA do do de

while the amount emitted is:

jrdodsdrdede ,

taking an energy balance
d1y

, (41)
d‘s=_&/\1)\ + In -

Combining equations (40) and (41)

dI
Al
42)
- —— — = I, - By (T) . (

c. Plane Parallel Slab Approximation

If we assume that the volume of radiating gas is that of a plane parallel

slab of finite thickness and of infinite extent, equation (42) may be
written:

dIA(TAy#7¢)

H T = I)\(r)\’ll‘ 7¢) —B/\(#)d)) (43)
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where:

g =cosd
6 = the angle between the normal to the plane and each ray
7, = the optical thickness as defined by:
0
T)\ = / K)\ dz

z

The physical situation which is to be described is that of a radiating
volume of gas supplying the radiative heat flow to an entry vehicle.
This radiating volume is approximated by the plane parallel slab des-
cribed above. Defining a positive and negative direction from a plane
within the parallel layer, the solution to equation (43), assuming that
the intensity at both boundaries is 0, is: (e. g. see reference I-31)

71
-(t — d . b
I(f, +IJ~)¢) =/ Be (t 7)/""# _t (44)
+u®
t=17
7
~(r=0/-p d
I(r,—u,¢)=[ Be (' e (45)
-p
t=10

Defining the radiative heat flux as the net flow of radiation across a

unit area
F = / I cos 6 df) (46)
Q

*For simplicity, the A subscripts will be suppressed for the remaining portion of the analysis.
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where @ is the solid angle or:

2r w/2
F=/ / I cos 0 sin6 df d¢
0 0
1
F = 277/ Ipdy (47)
0

The net flux may be divided into the flow of

energy in the positive and
negative Z directions across a unit area at

Z =1 thus:

_ (48)

substituting equation (44) and (45) into equation (47)

| +1
—(t~
F,(r) = 277/ B/ A dy de (49)
t=7r u=0

F_(r) = Zn/ B/ e~(f—t)/—# dpde . (50)
t=0

n=0

Using the exponential integral E, (x) for a positive real argument,

1

—x/ -14d
En(x)zfexy#n i
n

0
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We may rewrite equation (49) and (50) as:

1

F, (1) = 27 BE,(t—7)dt (51)
t=r7
7

F_(r) = 2nf BE, (r—0)dt . (52)
t=0

Since the temperature throughout the volume is assumed to be constant,
the Planck intensity function is a constant and may be written:

0T4

m

Combining equations (48), (51), and (52):

T T

1
F(r) = 204 f Ez(t—r)dt—/ E2(r-t)dt . (53)
t =

7 t=0

Since we desire the flow of energy across the boundary at Z = 0,

T
1
| .
‘ F(0)=20T4/ Ey(de (54)
|
t=0

. d
Noting that;-x— E 4 (x)=- E, (x) (ref. I-31),
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then:

Tl 0
F(0) = 2014 4 g (t)de = 2014 4 g (t) de
= <0 * 3 = <o x 3
t=0 t=rl
F(0) = 20T*[E5 (0 - B3 ()] = o T4 (1 - 2 E5 () (55)

where E3 (0)=1/2.
The flux has been defined as the flow of radiant energy across a unit

area. Therefore, F (0), in the physical situation being described, is

the heat flux to a unit area of a vehicle whose tangent plane is the plane
at Z = 0.

FO) = qp = oTH[1-2E; ()] . (56)

Using the recursion formular for En (x)

-x ]
nE(n+1) (x) = e _xEﬂ(x)

qg = 0T4[1—e—r+rE2(r)] . (57)

This is the exact solution to equation (43) where the gas is at a con-
stant temperature and density. The approximations that were made
in reference I-32 will now be made in order to compare the solutions,

If r << 1; we may expand e " and neglect the higher order terms

ag ~oTir[1+E, (0] . (58)

Since E, (r) approaches 1.0 as r approaches 0, equation (58) can be
approximated by:

g = oTh2r (59)
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or spectrally:

qr(A) = 2r

2 -1
2nhc (e-i-hc/kT)\_l) ] (60)
Ad

One other factor has to be considered in equation (60), Returning to
the expression of Kirchoff's Law (equation (40)), it should be noted
that the emission coefficient j includes the induced emission while also
depending on the incident intensity., To account for this induced emis-

sion, the absorption coefficient should be multiplied by the factor

- kT
(I—e( he/l }\)) .

A detailed argument for accounting for the induced emission in this
manner may be found in reference I-33, Equation (60) now becomes:

2
2rhc . hec/kTA - (61)
23

qQr2) = 2K!

Equation (60) is the heat flux to a unit area of a body from a plane
parallel slab under the assumption of an optically thin gas. Equation 1
of reference I-32 is assumed to be the solution to the same physical
situation. This assumption can be tested by comparing the two equa-
tions.

S5 4
27k
Inserting o = — into equation 1 of reference I-32 and changing
15h” ¢

from frequency to wavelength, the following equation results:

2
dI 27 c‘h  —=he/kTA ) (62)

e

2\

It is seen that equation (62) is identical to equation (60), thus the quan-
dI
tity 73 in reference I-32 is the radiative heat flux gz as has been de-

fined above. In the case of a constant temperature and density, the
absorption coefficient is constant. Therefore, the optical thickness
may be written as:

r = KI (63)
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Substituting this in equation (59) the following equation results

q, = 2K lo T4

N (64)
where K! is the absorption coefficient reduced by the induced emission
K'=K(1 - e ~hc/KT)) (65)
and averaged over all wavelengths,
Then
IR -2x° (66)
loT4

The right side of equation (65) is defined equal to (L) in reference I-32,
L

Tables of this quantity are listed in reference I-32 and these are the
values that are almost exclusively used, at the present, to compute

radiant heating, From this definition, and equation (65), it follows
that

q (67)
i = R = 2K’
L lo T4

d. Radiation Model

Calculations of the equilibrium radiative heat flux for the variety of
vehicle shapes, entry conditions, and atmospheric models of this
study, were carried out using the following equations and assumptions,.

Any attempt to compute a radiative heat flux must deal with both the
macroscopic or geometric aspects of the transfer of radiant energy

and the microscopic or absorption and emission of the radiant energy
by the individual molecules or atoms.

With respect to the macroscopic aspect of the radiant transfer, the
so-called "plane parallel" approximation was used. This consists of
replacing the actual curved shock layer by a slab of radiating gas having

a thickness equal to the detachment distance of the shock in a direction

normal to the vehicle surface and extending to infinity perpendicular

to this normal. For blunt nosed vehicles of the type considered in

this study, the plane parallel layer geometry is a good approximation.
This is because the radiation from the "wings'" of the slab is attenuated
to some extent by the intervening layer of gas and the radiant flux ab-
sorbed by the vehicle has a cosine dependence. The reason for the

use of the plane parallel slab approximation is the simplification that
it introduces into the transfer equation.
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The appropriate equation for the above case isdefined as:

—cos()i=K[I—B]. (68)
dr

r = / K dz (69)

5 is the detachment distance

and

Z is the geometric variable normal to the body.

From the definition of the intensity (I), the radiant flux crossing a unit
area is

9R = /IcosGdQ (70)

Q

where:
Q is the solid angle,

Solving equations (68), (69), and (70) with the additional restrictions
that the temperature and density in the slab be constant results in

qr= o TH [1=2E;5 (] (71)
where:
1
-7/
Es(’)=/ e Fuay (72)

0
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and
o is the Stephan-Boltzmann constant
T is the temperature of the slab.

Equation (71) is the equation used in the present study. Note that it
accounts for absorption.

The microscopic aspect of radiation has to be appealed to in order to
obtain values of the mass absorption coefficient K. There are two
processes of emission and absorption of radiation; that due to the
rotational, vibration, and electronic transitions in molecules, and the
Kramer's radiation in atoms. A number of mathematical models have
been formulated for the absorption coefficient for molecules (see ref,
I-34). For the molecular species and temperatures of interest, the
different models give essentially the same results. The one large
uncertainty in all these models is the value of the electronic oscillator
strength, f,, which is defined as:

2
8 C ~
fe - T u > IRe(f)lz (73)
3hd_

where
p  is the reduced mass of the molecule
< is the speed of light
h is Planck's constant

is the frequency in wave numbers

<

d  1is the degeneracy of the absorbing state,

The quantity Rg(r) is the electronic transition moment and for many
molecules varies for the different vibrational transitions, This
quantity could, in theory, be calculated from quantum mechanical con-
siderations, but in practice the complexity and number of the calcula-
tions render such a process impossible., Therefore, the value of f is
obtained from experimental measurements of the intensity or of the
radiative lifetime of the exited molecule. Both of these experimental
methods are difficult and result in uncertainties in the electronic oscil-
lation strength., These, in turn, are reflected in the absorption coef-
ficient.
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Presently, Kramer's free-free radiation is on a fairly firm basis but

the free-bound is not. Most calculations of the free-bound Kramer's
radiation have used a formula postulated by Unsold (ref. I-35). Recently
Biberman and Norman (ref. I-36 and I-37) have obtained corrections

for the Unsold formula using the quantum defect method of Burgess and
Seaton (ref. I-38).

Kivel and Bailey (reference I-32) have presented an empirical equation
for the emissivity per unit length whose form has been dictated by the
reasoning of references I-34 and I-35., This equation gives the emis-
sivity per unit length of a plane parallel slab of gas at a constant tem-
perature and density. From the previous arguments, it may be seen
that for a plane parallel slab, the relation between the absorption coef-
ficient K and the emissivity per unit length ¢/L is:

K o & (74)
2

€
L

The expression for the absorption coefficient used in the present study
uses equation (74) combined with the equation presented in reference
I-32,

-T;/T

Ni e
K=1/2 C, (75)
t\5.4 x 1019 T x 10-4)"

X

where
N; is the number of molecules or atoms of species i
and

&C;, Ti and n; are empirical constants determined from shock tube
experiments and theoretical considerations.

The values of Ci' Ti and ‘.‘i listed in reference I-32 were used in this
study with several exceptions, The primary differences lie in the
treatment of the cyanogen, carbon dioxide, and N2+ bands. The results
of Fairbain (ref. I-39) were used for the cyanogen, wherein values for
the oscillator strength of CN red, (A2 7 - X2 2) (red) and CN violet,
(B2% X3 ) were suggested as f = 0, 0068 and f = 0, 032, respectively.
However, it should be noted these values are appropriate only if the
lower estimate of D = 7.6 ev, the dissociation energy for cyanogen,

is used. The value for the red system may be low due to the incom-
Plete spectrum from which it was measured.
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Several CO, bands were investigated by evaluating their Franck-Condon
factors and determining the form of the spectral absorption coefficient.
Approximate curve fits were then obtained in a form similar to that
used by Kivel and Bailey. Finally, the oscillator strengths were es-
timated by use of the data of James (ref. I-40) for CO2 mixtures.

Only the dominant band system a37 - X! =+ was used in the study.

The N2+ band system was modified as detailed analysis of the Franck-
Condon factors and of the vibrational and rotational transitions yielded
emissivities considerably higher than predicted by reference I-32, The
analysis is discussed in section B. 6. If the oscillator strength of
reference I-32 for N2+ is correct, than the estimates made indicate
that the radiation may be four to six times larger than predicted by
reference I-32. A conservative estimate of the N2+ band system was
used, being six times the value given by reference I-32,

A tabular summary of the emissivity expressions used in this study is
given in table I-20.

€.  Nonequilibrium Heating

At the present time, methods for estimating the equilibrium radiant
heat flux exist. On the other hand, there is not any satisfactory analy-
tical method for estimating so-called nonequilibrium radiant heating.

First, due to the confusion resulting from the association of the term
nonequilibrium radiation with nonequilibrium chemical effects, a brief
discription of nonequilibrium radiation is deemed appropriate,

When an ambient gas is disturbed by a high-velocity strong shock wave,
the energy is initially transmitted to the mole cules in the ambient gas
in the form of translational and rotational energy, after which the
electronic energy states are quickly excited. It is only after these
excited molecules have experienced a large number of collisions that
the vibrational modes are excited. This distribution of the energy takes
a finite amount of time, called the relaxation time, which varies for
different molecular species, Another phenomena takes place during
this time, the dissociation and recombination of a portion of the molec-
ules present. Both of these phenomena act to produce the nonequili-
brium radiation in the following way:

When a molecule is acted upon by a shock wave, its electronic states

initially have a disproportionately large amount of energy for the rea-
sons discussed above. This excess energy in the electronic states is
a consequence of the higher vibrational states of the molecule not yet

being excited. This means that more molecules will populate the
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TABLE 1-20

TABLE OF CONSTANTS FOR THE EMISSIVITY EXPRESSIONS

Ei Ni e—Tl/T
—_— Ci
L 5.4 x 1019/ (T x 107%™
Species (i) Ci (cm'l) Ti (°K) i
0, S-R 1x 10% 70, 500 5
NO B + ¥ 1x103 65, 000 5
N, 2nd  pos. 2x 103 129, 500 4
N, lst pos. 1.5 x 103 90, 000 4
CN Red 2.34 x 102 13, 000 4
CN Violet 3,2 x 103 36, 000 4
NO vibration - rotation 4x 1074 2,700 4
co, 9 x 103 96, 000 4
co 3,6 x 102 70, 000 4
o) 2.2 x 103 158, 000 3
N 1.2 x 10° 169, 000 3
NO 8.4 x 10% 108, 000 3
o, 6.0 x 10° 145, 000 3
N, 1.1 x 10° 180, 000 3
Nt 2.9 x 108 343, 000 3
ot 1.1 x 107 407, 000 3
C 3.1 x10° 131, 000 3
ct 0.66 x 10° 282, 000 3
N, 6.0 x 10% 36, 000 4
A 1 x 107 183, 000 3
At 1.8 x 10° 318, 000 3
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higher electronic states than an equilibrium Boltzmann distribution
would predict. Since, in many cases, the average time for a molecule
to change to a more stable lower electronic state by means of radiating
away the excess energy is less than the vibrational relaxation time,

an excess of radiation over the equilibrium amount will result during
this period. Chemical dissociation and recombination also require a
finite time to reach equilibrium. Since the intensity of radiation from
a molecule is greater than from an atom at the same temperature,

and since the ratio of molecules to atoms is greater before than after
chemical equilibrium has been reached behind the shock, there will
also be an excess of radiation due to the additional molecules present,
The "overshoot'" radiation above the equilibrium radiation due to both
these phenomenas is called the nonequilibrium radiation. From this
brief discussion, some of the difficulties in formulating an analytical
approach may be appreciated, Chief among these difficulties is that
the relaxation times, rate of relaxation, and the chemical rate constants

are either not known or are known only approximately at the high tem-
peratures of interest.

From the brief introduction given above, an important fact may be de-
duced about nonequilibrium radiation. That is, it is a function of time.
In the case of a vehicle descending through an atmosphere, the radia-
tion may be thought of as originating from a number of infinitesimal
slabs of gas traveling from the shock to the vehicle with the velocity of
the vehicle., Therefore, the nonequilibrium region may be transformed
from a time to a space coordinate, In other words, in the shock layer,
the thickuess of the nonequilibrium layer is a function of the reiaxation
times, the rate of chemical reaction, and the velocity of the vehicle,
Since, for a given molecular or atomic specie, the relaxation time and
reaction rate depend on the available energy (vehicle velocity) and the
number of molecules present, the thickness of the nonequilibrium layer
may be reduced to a function of the ambient pressure and the velocity
of the vehicle. This simple dependance is pointed out in reference I-42
in which the results of a number of shock tube experiments are inter -
preted. In that report, the nonequilibrium thickness for shock-heated
air is presented as a function of ambient pressure and shock velocity.
These results have been correlated and extrapolated, and a simple
model formulated.

The nonequilibrium thickness is defined as the distance from the bow
wave to the point where the nonequilibrium radiative intensity is within

10 percent of the equilibrium intensity, The correlation obtained from
reference I1-42 is

2.3 x 1076

ONE = <vm> 43 (76)
po [—-

104
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dyg = nonequilibrium thickness (feet)
p, = ambient density (slug/ft3)
V_ = flight velocity (ft/sec).

The distance to the peak nonequilibrium intensity, § , was also cor-
related as P

-6
BP - 0.23 x 10 ‘ (77)

v_\ 33
Poo [——
104

Using equations (76), and (77), a calculation model was evolved based
on the estimated radiative pulse shape shown in figure I-12.

The total radiation flux to the body, assuming an optically thin slab
can now be written as

. % 1 °NE INe  ONE 5 s
R S S g 26 ' NE
2
L] 8p 1 %WNe INE ONE 1 ONE -9 INE Mos <se
"N TTT T T 7 S T T, 25 2 (5yg - 88 \ Ig % <0< NE
i INE 5 5 <5
Yay = 5 —— T  8<
RAD 2 IE 8P P (78)
where
dgap = total radiative heat flux (Btu/ftz/sec)
Qg * equilibrium radiative heat flux (Btu/ft2-sec).
Ig 8
(For an optically thin gas, qp = EEE

Data on the ratio of I._./I_ have been summarized by Page (ref., I-43),
and a value of 10 appears to bound the bulk of the data,

f. Radiation Distributions
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The computation of the radiative heating component at other stations
about the vehicle than the stagnation point was done under the following
assumptions:

1) The gas cap volume can be approximated by an optically thin,
one dimensional slab of gas lying tangent to the body with a thick-

ness equal to the shock layer at that point.

2) The distribution of the radiation across the gas layer is given
by a second degree polynomial

L= + K &+ K, &2 (79)

where

I is the radiation intensity
I, is the radiation intensity at the body.

The first coefficient K., relates the rate of change in intensity
normal to the surface. In general the pressure and enthalpy

¢ is the distance normal to the surface ‘
gradients normal to the surface can be given as |

2
aP Pb Vb (81)
3& Ry '
2
dh v
A LI (82)

Since the entropy gradient is negative, the enthalpy gradient will
always be negative on blunt, conical bodies., The radiative in-
tensity being much more' sensitive to enthalpy than to pressure,

it was therefore assumed that a conservative estimate on the
radiative heating would result if the enthalpy gradient normal to
the surface was taken as zero. Consequently, K, in equation (79)
is zero.

The second coefficient is now found by determining the local shock
angle, so that
2

8wb

(83)
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Rather than solve the oblique shock equations, a normal shock
solution with a normal velocity of VN = U sin 6, was used. This
also results in conservatism when the shock is weak, but in which
case the radiation is negligible,

The radiation to the body is found by integrating equation (81),
yielding

2 1 dwb (84)
qu = (? Ib+ ;IW> —2—- . .

Equation (84) was used to obtain the radiation heating distributions.
The necessary inputs are the shock shape and pressure distribu-
tion about the body. The intensity at the body was found from a
knowledge of the stagnation point conditions using the gas dynamic
computation, described earlier, and the pressure distribution.

The enthalpy distribution is found by the isentropic relationship,

dh P dp
h ph P
or
dlnh y -1 (85)
dln P~
Assuming Y~ _is constant around the body,

Y
h p\ (y-Dy (86)
Hy ~\P,

For a strong shock,

Ps . y+1 (87)
e, y=1
or
y-1 _ 2 . ' (88)
Y Ps
—_— + 1
P
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The stagnation density ratio is computed from the gas dynamics

-1
) is known,
Y

calculations, and therefore (y

To compute the radiative heating distributions, a shock shape is
needed. Vinokur'sresults (ref, I-27) were used at zero angle of
attack at the stagnation point, evaluating the nose bluntness param-
eters (b) and (a) in the same manner as for the stagnation point
convective heating. For the shapes with large forecone angles,

the schlieren photographs supplied by JPL were used to correlate
the standoff distance with nose shape. The effect of density ratio
was then accounted for by Vinokur's results,

The standoff distance at the sonic point was determined from a
mass balance using a similar approach as in reference I-31
Referring to the sketch below:

e 8amn8*

The shock was approximated by a spherical section from the stag-
nation to the sonic point. The mass flow into the shock is es-
timated by
Poo Voo
2

v =

(R*+ &%) sin 0°
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as shown in the above sketch. The mass flow distribution across
the shock layer was fitted with a polynomial. A fourth-order
polymonial was found to predict standoff distances in good agree-

ment with available experimental shock shapes. The resultant
mass flow distribution is then

4
pu = —5- Pe e + = pyuy

where p_, uy are conditions at the shock. Since the shock con-
ditions are dependent on shock angle, an iterative solution is
required. The standoff distance at the sonic point is then given by

* *
« R sin 9

o =
u
2(p '>—sin0*
MVN

Having solved for 8" and the corresponding wave angle, the com-
plete shock was determined using the form

y2 = Ax «l-sz

For configurations which consisted of spherically blunted cones,
it was possible to use a more simple solution for the shock shape
between the stagnation and sonic points,

The method is described in reference I-30. This method is ap-
plicable when the sonic points remain on the spherical portion of
the nose. The stagnation point shock standoff distance used in
conjunction with this method was determined from Vinokur's re-
sults. For angles of attack for which the sonic points were not
on the spherical nose, the sonic point shock standoff distance was
determined as described above.

Heating Block Evaluation

Evaluation of Radiant Heating Calculations

A comparison has been made between the gas emissivities computed
and more exact theoretical methods in order to establish the degree
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of confidence expected. The equation used to compute the gas emis-
sivity per unit path length is that presented by Kivel and Bailey, (ref.
1-32)

. -T,/T
€ 1 e 89)
where
Nj = the number of molecules or atoms of species i

Ci» T; and n; are empirical constants determined from shock tube
experiments and theoretical considerations.

The theoretical models that are used to evaluate the accuracy of equa-
tion (89) may be divided into two groups. The first set of equations

to be considered is that which computes the emissivity of diatomic
molecules; the second group includes the models that evaluate the
Kramer's radiation from atoms and ions.

1) Diatomic molecules

The following set of equations developed by Kivel, et al (ref, I-32)
were used for comparison with equation (89) for the diatomic
molecules of interest. The spectral absorption coefficient is

given by:
he hc 1
Ky, = mr, fe N X; & -l:l_' exp - H Voo — T (90)
where

ro = the classical electron radius

= the electronic oscillator strength for absorption
N; = the concentration of the absorbing molecules

x; = the fraction of molecules in the absorbing state

Voo = the wave number of the (0, 0) vibration transition

and
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O
n

-1

e

he 0 *”
1 ~exp- ( CT ) is the vibrational partition function

for the absorbing state (the ' refers to the absorbing
state and the ' refers to the emitting state).

KT/the" is the rotational partition function for the
absorbing state,

/%' Yys dr is the Franck-Condon factor for the

transition from v' to v"

hc <_1 - _1_> is the vibrational energy relative to
Ay AS

]

the ground vibrational state for the emitting state

s s

vv

1
(Be'/Be' - Beﬂ)hc <—/\- - ) is the rotational energy

for the emitting state

o, (v+1/2) - o, x, (v + 1/2)2 t 0,y (v + 1/.2)3
is the wave number of the vth vibrational level

, (1 1 [ 1 1
o* (5 - X —\)‘v” TN

is the wave number for the vibrational transition
between the states v' and v''.
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Wey We Xg, We Ye» Be and yppare the basic molecular spectroscopic

constants, The notation of Herzberg (ref. I-5) is used.

Since the geometry of equation (89) is that of a plane parallel layer
of thickness L, we may relate the absorption coefficient K to the
emissivity per unit length ¢/L as follows: The Planck radiation

meanfree path )

coefficient K and is given by:

/ Igg do

N 47
p =
j{ fdo
4
where:
Ipp is the blackbody intensity
¢ is the flux radiated per unit volume
and
@  is the unit solid angle.
Thus,
E A
47
where
E = the radiative power
A =

s the surface area of the radiating volume V,

is the reciprocal of the integrated absorption

(91)

(92)

Since the geometry is that of a plane parallel semi-infinite slab

of thickness L
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‘2€0T4
/ §do = — (93)

4n
where
€ = the emissivity of the gas
o = the Stephan-Boltzman constant.
Therefore,
= '11? - T s (e/ZL) ' o4
2€/LYo T

Equation (90) rests on a firmer theoretical basis than equation (89)
since it takes into account the vibrational and rotational transitions
of the molecule. Equation (89) attempts to account for these by

C.

1
the semi-emperical term -—— . In equation (90), the ro-
(Tx10~H !
tational structure is "smeared out" over each vibrational band,

At the temperatures and pressures of interest, this is thought to
be a good approximation. One difficulty with the smeared out
approximation is that at very high temperatures the centers of

the rotational lines of certain molecules reach the blackbody limit,
while the '"wings'' of the line continue to radiate as predicted. The
result of this is that equation (90) would over predict the radiation
for this case. One more qualification which applies both to equa-
tions (89) and (90) should be mentioned, The electronic oscillator
strength, f,, which is contained explicitly in equation (90) and im-~
plicitly in equation (89), is a quantity which must be determined
independently through experiment. Due to the difficult nature of
these experiments, there is an uncertainty in the value of f, for
many of the diatomic molecules of interest, Also, f varies some-
what with the different vibrational transitions. Unfortunately, ex-

perimental data on this variation are sketchy,

A comparison of the emissivity per unit length for the diatomic
molecules of interest computed by means of equation (89) and by
means of equations (90) and (94) are given in table I-21. The com-
parisons are presented for three temperatures and pressures
which are typical of the range of interest for the peak radiant
heating for a Mars or Venus entry, The atmospheric composition
that was chosen was: XNZ = 0, 889, XCOZ =0.1, XO2 = 0, 001,

-113-



TABLE 1-21

COMPARISON OF IMPROVED AND APPROXIMATE RADIATION THEORIES

e /L e/L
Temperature N1 Improved Approximate Improved
Species (°K) .4x 1019 fe Equation (90) | Equation (89) | Approximate
CN 11312 .142 (-7)* | 0.027 7.62(~6) 7.73 (-6) 0.98
(Violet) 9882 . 139 (-5) 8. 14 (-4) 8.36 (-4) 0.97
6632 . 169 (-4) 1.19 (-2) 1.32(-2) 0.90
CN 11312 . 142 (-7) 0.027 2. 25 (-6) 2.95 (-6) 0.84
(Red) 9882 . 139 (-5) 3.38 (-4) 4. 26 (-4) 0.79
6632 . 169 (-4) 1.73 (-2) 2.11 (-2) 0.82
NO 11312 . 203 (-7) 0.008 4,90 (-7) 6.58 (-7) 0.75
(p 9882 .613 (-6) 2,87 (-5) 4.03 (-5) 0.71
6632 .931 (-4) 3.09 (-4) 5.38 (-4) 0. 57
NO 11312 . 203 (-7) 0.001 1.07 (-7) 8. 22 (-8) 1.30
() 9882 .613 (-6) 5,76 (-6) 5.04 (-6) 1.14
N3 11312 .797 (-6) 0.025 9.29 (-7) 9.53 (-7) 0.97
(1st Pos.) 9882 .308 (-4) 7.67 (-5) 6.80 (-5) 1.13
6632 . 894 (-2) 4,27 (-4) 3.61(-4) 1.18
N 11312 .197 (-6) 0.09 2.81 (-6) 5.57 {-6) 0. 50
(2nd Pos.) 9882 . 306 (-4) 1.43 (-4) 2,40 (-4) 0.59
6632 . 894 (-2) 1. 06 (-4) 1.80 (-4) 0.59
cot 11312 .318 (-8) 0.0278 4,84 (-8) 8.53 (-8) 0.57
(Comet-Tail) 9882 .625 (-7) 1. 22 (-6) 2.01 (-6) 0.60
6632 . 257 (-6) 7.57 (-6) 1.13 (-5) 0.68
Nt 11312 . 484 (-9) 0.18 7.07 (-7) 1.57 (-7) 4,52
(1st Neg.) 9882 . 754 (-8) 6.57 (-6) 1.35 (-6) 4. 88
6632 . 203 (-9) 2.95 (-7) 4.87 (-8) 6.06

*Numbers in parentheses refer to power of 10
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where X is the mole fraction. Since the number of molecules per
cubic centimeter enters equations (89) and (90) as a linear function,
the choosing of an atmosphere does not limit the comparison., An
atmosphere was chosen only to indicate the relative importance of
the molecules. It should be noted that the comparison in table I-21
in no way attempts to determine the correct oscillator strength.
This must be determined experimentally,

Reference to table I-21 reveals that the approximate method cor -
relates well with the more sophisticated method for the case of
the dominate radiator, CN. On the other hand, it may be seen,
that for atmospheres containing a very high percent of nitrogen,
the agreement will not be as favorable. The worst discrepancy in
the latter case would be in the N2+ molecule for which the approx-
imate theory predicts a value from 4.5 to 6 too low. At the high
temperature, the centers of the rotational lines of this molecule
might be reaching their blackbody limit as discussed above. In
this case, the discrepancy might not be as bad as shown at the
high temperature. At the lower temperature, this is not so and
the discrepancy appears to be real. Since the smearing out of the
rotational lines could only cause an overprediction in equation (90),
the factor of 2 discrepancy in the N2 (2nd pos. ) would also seem
to be real.

When one considers an atmosphere containing a very high percentage
of COZ’ the dominate diatomic radiator would be expected to be CO,
Reference I-32 does not contaiu any consianis for ithis moiecule;

to obtain the constants equation (90) was solved for three of the
band systems of CO and the best constants to fit the data were
determined. The constants so obtained are given in table I-22.

The value of C, is given independent of the electronic oscillator
strength, f,. Once fe has been determined experimentally, it may
simply be multiplied by the constant given in table I-22. For the
comparisons between equation (89) and (90) given in table I-22,

an arbitrary value of 0, 01 was used for fo.

2) Kramer's radiation

Above 8000°K, an important source of radiation arises from the
deceleration (free-free) and capture (free-bound) of electrons by
atoms or ions. This radiation is called Kramer's radiation. The
total Kramer's radiation (free-free plus free-bound) for nitrogen
has been measured experimentally by Morris (ref. I-41) ata
Pressure of 1 atmosphere and within a temperature range from
8000 to 12000°K. Comparison of the experimental data of Morris
with the values predicted by equation (89) using the constants of
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reference I-32 reveals the following discrepancies. At a temper -
ature of 12000°K, equation (89) predicts the Kramer's radiation
from nitrogen to be a factor of two too high. At 8000°K, equation
(89) gives values about a factor of three too low, with the crossover
point being ~9000°K, Since the concentration of the nitrogen atoms
enters equation (89) as a linear function, the same discrepancies
would be expected to exist at the pPressures of interest, especially
since these are of the order of 1 atmosphere, at the peak radiant
heating for Mars and Venus entry,

At present, the theoretical model presented by Lindenmeier

(ref, I-44) which computes the free-bound radiation, is being
modified. Preliminary results seem to give good comparison with
the experimental data. Another theoretical model for the free-
bound radiation, that of Biberman and Norman (ref. I-45) has been
compared with the experimental data. This theory predicts values
approximately 30 percent too low,

The free-free radiation is on good theoretical grounds. At the
higher temperatures (~ 11, 000°K) the free-free contributes only
negligibly to the Kramer's radiation.

One further complication in computing the Kramer's radiation from
nitrogen is the contribution due to the negative nitrogen ion. At
present, this mechanism is little understood but work is underway
to clear up this difficulty. This source of radiation seems to ex-
plain this discrepancy between the theory of Biberman and Norman
and the experimental data.

The only other major contributor to the Kramer's radiation for the
atmospheres under consideration is that due to Argon. A com-
parison between the radiation computed by means of equation (89)
and by the method of Bibermann and Norman which is given by

the following equation, is presented in table I-23, The equations
below include the free-free as well as the free-bound radiation,
The intensityl), for A < A, is given by:

. 1.63 x 10~35 . 85 he [1 1
= —— . ex -— |- = —
A 2rl/z el / MERTAT XN,
- & exﬁ (=hc/AkT) (95)

and for A > /\c
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163 x 10~

= ————errreeee N N - e -

I

hc
AkT

Ne and NI are the concentration of electrons and ions, res-
pectively,

(96)

where:

Ac is the limiting wave length above which the energy levels
can be regarded as being continuous.

and

'EA is a correction function to the Unsold-Kramer's formula
using the quantum defect method of Burgess and Seaton
(ref. I-46).

Equations (95) and (96) were solved for Argon at a temperature of
16000°K and a pressure of 1.1 atmospheres. The results were
compared to experimental data of Olsen (ref., 1-47) at the same
temperature and pressure. The results agreed within 10 percent,
thus giving a degree of confidence in equations (95) and (96). The
emissivity per unit length was computed by equations (95) and (96)
and compared to those computed by equation (89). The results
are given in table I-23,

TABLE 1-23

A COMPARISON OF THE KRAMERS! RADIATION FROM ARGON

Temperature N. N. N e/L e/L

°K (atoms/cm3) (par%/,cfn"’) (eq. 94 & 95) (eq. 89)
16000, 0 5.0 (16)* 4,0 (34) 9.56 (-4) 2,44 (-3)
10000. 0 4,288 (16) 1. 351 (30) 7.43 (-9) 2,71 (-7)
8000, 0 6.433 (16) 1.473 (28) 2,60 (-7) 8. 84 (-6)

*Numbers in parentheses refer to power 10
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The pressure corresponding to the temperature of 16, 000°K in
table I-23 is 1.1 atmospheres, while for the 8000 and 10000°K
temperature the corresponding pressure is 0, 05 atmosphere.
Preliminary experimental data of Morris and Bach (ref, I-48)

in the temperature range of 8000 to 12000°K and a pressure of

1 atmosphere are a factor of 10 lower than the comparative results
of equation (89). The experimental data do not extend below 3000A,
For wavelengths below 30004, the emissivity has been assumed to
be constant. Since the emissivity should have a v =3 dependence,
the extrapolated experimental data should be an upper limit.

One final approximation should be mentioned. This program
computes the radiant heat flux from the plane parallel layer as:

R = [1-2E;(n] oT* (97)
where
T = E K;8 = 2 1/2 (¢/L); & is the optical thickness
i i
5 is the shock detachment
and
1~ 2E3 (r)] is an expression previously derived which

accounts for the self abhorption of the gas in

the plane parallel layer.

The correct expression for the plane parallel layer should be:

N ¢ C2
= (1 -2E;(r,)] —— exp |- —] di (98)
9Rr ERP )\5 AT

0
where
7, = the spectral optical thickness
C; = the first radiation constant
C, = the second radiation constant
and
A = the wavelength.
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b.

Equations (97) and (98) give similar results as long as the spectral
absorption coefficient r, < 0.5 for all wavelengths, i.e., as long
as no part of the spectral emission approaches the blackbody limit,
Since the spectral radiation varies strongly with wavelength, part
of the spectrum may be strongly self absorbed while the rest of the
spectrum may not be self absorbed. In this case, since equation
(98) only accounts for self absorption of the integrated spectrum,

it would over-predict the radiation.

Atomic line radiation has been excluded from the calculations since
at the temperatures of interest it is negligible in comparison to the

. molecular and Kramers' radiation. This is because at these

temperatures the line width is only a few Angstroms and is highly
self-absorbing. :

A comparison of the radiative predictions using the model described
previously and the results of James (ref 1-40) is shown in figure
I-13., The comparison is based on an equilibrium computation,
whereas the amount of nonequilibrium under the test conditions is
considerable. Using the correlations noted earlier, the ratios of
nonequilibrium distance to the standoff distance and the ratio of
total intensity to equilibrium intensity were computed for the test
conditions and are tabulated below:

Velocity (ft/sec) SNE/® ItoT/IE
26248 0.6 3.7
21326 1.3 6.3
16405 3.5 6.8 ]

The question arises as to how much of the observed radiation stems
from nonequilibrium conditions. The results of Allen, et al (ref.
I-49) indicate that a considerable amount of radiation over the
nosecap can come from the expanded stagnation gas, in which case
a greater fraction of equilibrium conditions could exist than one
might estimate from the computations above. It appears, however,
that a good deal of conservatism exists in the radiative predictions
as the equilibrium calculations agree fairly well with James data
(ref. I-40) and the nonequilibrium correction is quite large.

Evaluation of Gasdynamics Calculation

A number -of comparisons of concentration calculations have been made
with the results of other investigators. Figures I-14 and I-15are
comparative results derived from reference I-50 obtained for 9 percent
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CO2 and 91 percent Np. The results of figure I-15 were replotted from
a published figure and hence could contain uncertainties. The prom-
inent features correlate well however, with the peak CN concentrations
being within a few percent of each other and both occurring at 9000°K.
Comparisons of the concentrations for pure COZ with the result of
Raymond (ref. I-51), and for pure nitrogen of Treanor (ref. 1-52)

were close with less than 5 percent difference in the major specie
concentrations.

The calculations for the argon mixtures were checked with a thermo-
chemical program at Avco RAD, Program No. 1291. A typical com-
parison is shown below for 64 percent CO), 35 percent A, and 1 per-
cent N%, at flight conditions of V = 23177 ft/sec and p = 5. 323 x 10~/
slug/ft>,

f’resent Calculation Program 1291
X-(C05 0.2715E -0 0.2854 E -0
X (0) 0.1008 E + 1 0.1014 E + 1
X (A) 0.3500E -0 0.3500E -0
X(C) 0.3683E -0 0.3596 E -0
X (At 0.2179E - 4 0.171 E -4
X(e") 0.5407 E - 2 0.5101 E - 2

c. Evaluation of Pressure Distribution Calculation

The three-dimensional case of a sphere cylinder is shown in figure I-16
for M= «. It is compared with perfect-gas characteristics of Chushkin
and Shulishnina (ref. I-53) with y = 1.4. The results for y=1.15 are
also included to show approximately the effect of a real gas. The axisym-
metric blast-wave solution is also plotted.

Figures I-17 through I-20 show the results at M_ = = for spherically
blunted cones with half angles of 5, 10, 20, and 30 degrees, respectively.

These are also compared with the perfect-gas characteristics of
Chushkin and Shulishnina.

The drag coefficients were taken from Chushkin's results and were

-0. 880 for the cylinder, 5- and 10-degree cones, 0.883 for the 20-
degree cone, and 0. 894 for the 30-degree cone. The agreement between
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theory and characteristics appears to be very good up to the 20-degree
cone. However, atlarge values of x, the theory approaches the sharp-
cone pressure which is shown for y= 1.4 while for the 10- and 20-
degree cones the characteristic pressure continues to rise. The exact
sharp-cone values as given by Kopal (ref. 1-54) and the Newtonian
sharp-cone values are shown on the graphs.

A solution for pressure distributions on blunt-nosed cones was also
obtained by Cheng (ref. 1-55). His results when plotted in the form

y /82 versus (62/2y%) x give a universal curve for all cone angles, Mach
numbers, and altitudes. This curve is plotted in figure I-21 along with
the results from the present theory. The results show considerable
disagreement with Cheng's theory, and no trend is evident toward a
universal curve in terms of his parameters.

Cheng's solution shows an oscillatory behavior in the pressure distribu-
tion at large values of x. It overshoots the sharp-cone value, then
decreases, performing a damped oscillation about this value. This
behavior has been observed experimentally by Bertram (ref. 1-56) and
is a consequence of the inertia of the outer layer. The outer layer is
separated from the body by the entropy layer but at a sufficient distance
downstream the body has expanded and the entropy layer contracted to
such an extent that the body exerts a direct influence upon the outer
layer. It pushes the layer out, causing the pressure to increase.
However, the inertia of the layer causes ‘it to continue beyond the sharp
cone value. The increased pressure then pushes the layer back toward
the body. This process continues as a damped oscillation until equili-
brium is reached. Since the centrifugal term was not included in the
‘present theory, the inertia of the layer is not accounted for. Conse-
quently, no pressure overshoot occurs, and the pressure tends smoothly
to the sharp-cone value.

d. Evaluation of Convective Heating

A comparison of the present results and available experimental data
compiled from Gruszczynski and Warren (ref. I-57) is shown in figure
I-22. The analytical results are only shown for the extremes in both
pressure and mixture; namely,

P,=0.1and 100 atm, and

Mixture = 100-percent CO,, and 10-percent CO, and 90;percent N,.

The resulting comparison shows good.agreement.

-131-




[4

SIUNLXIN °N - Nou NI ONILV3H LNiOd NOILVNOVLS
404 SLINS3IY TYANIWIN3A X3 GNV TVYIILATYNY 40 NOSINVAINGD ZZ—i b1y

/Mg ol x (My- Sy
9 S v €

v|o%
ZN juened-06 — 207 W829d-0 — v
2097 1u92130-00] w——— B Vo
SLINSI¥_ IN3ISInd % ov
=
O
-
X = o~
- — - N \
x>
wo 010 = %4 = - -~
- - \
wio 0'001 = Sy
x .
205 wedsd-gg) 0
k4 2 113
N jud3213d-0| - €09 uanadog =
on uoyd pua _xnxo-:mﬁuz waied-gg - 207 Jusased-¢ [
%y $IIAIMUDIS puo Aoy 2N wand-00] x

uaiiom  puo ._...._:u:.:eA ZN edsad-gj - 207 Juassed-zg @

waaN 209 weased-go| v

IN wedued-1g - 207 uansed-g fo)
Viv0 IVAIN3IWIN3EX3

X

b

WID-298—_ 1) /Mg ‘¢ 01 x Sg/N
23

L7

-132-




The analysis of the aerodynamic heat transfer for arbitrary gas mix-
tures can be separated into two fundamental problems; i.e.,

1) Evaluation of thermodynamic and transport properties of gas
mixtures, and

2) Boundary-layer analysis of heat transfer in gas mixtures,

The methods used in the evaluation of properties has been shown to be
adequate when the results are compared with available experimental
data. From these methods, it is possible to determine the necessary
thermodynamic and transport properties of any arbitrary mixture of
gases,

The laminar boundary-layer analysis used in this study has been proven
to be a valuable tool for the case of air. It has been developed to the
point where it is possible to investigate the boundary-layer behavior

for any gas. The study presented in this report is for a stagnation
point only; however, the method is also applicable to any geometry

that can be considered to generate a "'similar' boundary layer (i.e.,
flat plate). The comparison of these analytical results with available
experimental data has shown relatively good agreement,

A comparison of experimental angle of attack effects on the stagnation
point heating with predictions is shown in figure I-23. The effect of the
location of the stagnation point is clearly discernable from these results.

e. Evaluation of the Shock Shape Calculations

The use of the hyperbolic form v = Ax% +Bx to approximate shock
shapes has been investigated by James and Terry (ref. I-58). A com-
parison with experimental results on the M1 shape is shown in figure
I-24, for a 20-degree angle of attack.

The approximate nature of the solution has led to consistent trends in

the results. However, a complete evaluation of the approach requires
comparative schlieren photographs for the remainder of the vehicles.
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TRAJECTORY BLOCK

1. Introduction

The purpose of this block is to determine the angle of attack envelope,
heating and loads history forentry capsules into the planets, The program
utilized in this block has two options namely (1) four degree of freedom
solution with coefficients which vary with angle of attack, and (2) linearized
solution with coefficients which vary with Mach number.

The trajectory calculation provides the angle of attack envelopes, and the
flight conditions for evaluating the aerodynamic heating and loads. The
heating computations were connected directly to the trajectory program to
provide the convective and radiative heat pulse.

2. Force Equations

a. Symbols
a acceleration, ft/sec?Z
A reference area, ft2
Cp drag coefficient
CL lift coefficient
D drag force, pounds
F force, pounds
g acceleration due to gravity at the surface,
ft/secl
L lift force, pounds
m Mass, slugs
R radius of planet at surface, feet
t time, seconds
Vv velocity, ft/sec

Xor Yoo Zg inertial cartesian coordinates
Z altitude of the vehicle, feet

B heading angle
-136-




4 flight path angle

P ambient density, slug/ft3

A roll angle

¢&,n7, R inertial spherical coordinates

Q resultant angular rotation about the origin

SubscriBts

o initial conditions

SL conditions at surface

£,7, R component along¢ , 5, R axes
R resultant value

w wind

SuP_erscriEts

(=) vector
¢ ) differentiation with respect to time.
b. Inertial Coordinate System for the Force Equations

An inertial cartesian coordinate system, with origin at the center of
planet, is assumed. The location of the entry vehicle is then given by
specifying ¢, 5, R as shown in figure I-25. As shown, the Z axis
passes through the northern pole, the vector n points northward, the
vector ¢ eastward, and the vector R points radially outwards from the
center of the planet.

The velocity vector is specified by its scalar value, the heading angle
measured east from north, and the elevation angle measured posi-

tive above the local horizontal. The details of the velocity vector

coordinates are shown in the insert of figure I-25, :

c. The Acceleration Vector

By the laws of mechanics, the motion of the center of gravity of a
vehicle can be found by summing the forces acting on the vehicle.
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-

SF = ma (1)

and, hence, we must ascertain the form of the acceleration vector.
According to vector mechanics,
-
s 4V sV

- o
a = — = —— 4 QxV

t St (2)

where (I is the resultant angular rotation about the origin., The com-
ponents of { are:

9 = -3 (3)
9, = & cos g
Qg = £ sin g
Hence, the total rotational vector is
8 o Bhemocosn o B osinnl . (4)
The velocity vector has the components
Ve = R cos 7,§' (5)
Yo = By
Vg = R
Hence, the total velocity vector is
Ve & Reosnf + m R+ RR . (6)

The acceleration vector is given by equation (2), which upon sub-
stitution of (4) and (6) yields,

- >

a = ¢ (I.{é cosrl—ﬁéR sin n + R;f.cosn)

-> .o - . > e
+ ny (Ryp +Rp)+ RyR
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> > >
S T Ry (7)
+ -9 .f'cos 7 Esing
R.f.cos 7 Rr'] R

Completing the cross product and collecting terms, the acceleration
is

a =—’u (2Rfcosr;—2R7.;ésinq+Rfc0517)
> PR . .
+ 7, Q@Rnp+Rp+ sz cos 7 sin 7) (8)

>

+ R, (R=REZ cos? y - R32) .

The three component forces are given by

FR ., .

- = R-—Rcosznfz—Rr;z

m

F « ® . .o

—_— = 2Rfcosz;—2R-;,§sin17+Rfcos77 (9)
m

F, . .

—— = 2Ry + Ry + R{-’z cos 7 sin 7

m

d. Drag Vector

During entry into the atmosphere, account must be made of the lift
and drag. The drag forces are defined to lie along the total relative
wind velocity vector. The velocity of the vehicle relative to the
atmosphere is

VR = V - Vy . (10)
where Vg is the wind vector in an inertial frame of reference. Hence,
account must be taken of the rotation of the atmosphere as well as

the relative winds. The wind vector has components

Vwé- =RCOST’a)e + VWE

Vyn ' (11)

<
£
=
]

Vgr = 0 ,
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The relative velocity vector is now

VR¢ VRy VRR
\_; _ Y B - B NI 3 - (12)
R = ¢, (Rcosné—-Rcosqg we = Vygp) + 1, (R;’ - Vg + Ry R

The dra&vector is defined as

5 _ VR
D= — D (13)

D = - —L D (14)

D = CpA ;— p Vi (15)
where

p = ambient density

VR = relative wind sReed

A = reference area

CD = drag coefficient,

e. Lift Vector

The lift vector is defined as normal to the relative wind velocity vector.
The roll angle A will be introduced to indicate the angular position of the
lift vector measured from the plane of the relative velocity and radius

vectors,
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Adopting the roll convection shown in the sketch below,

the lift components are

‘, 2 2

VR

v v A"

RR R R
Lg:—-Lcos}\ ¢ + L sin A 1 (16)

R 2 2 2 2

ng + VRT) va + VR77

VRR VRy VR¢

L = —-LcosA ~ L sin A

The total lift is

? (17)
L = CLA 1/2 » VR
where
C = lift coefficient
L
A = reference area
p = ambient density .
VR = relative wind speed,
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f. Entry Trajectories

The treatment of the motion of a vehicle during atmospheric entry is

simplified by considered a coordinate system which uses the elevation
and heading angles, y and g .

Vf = Vcos y sin 8 = R cos qé (18)
V,7 = Vecos y cos 8 = Rﬁ
VR = Vsin y = R

The equations of motion (9) can now be written,

Fr . . Vzcoszy
Vsin y + V cos yy -

F‘f V2 sin y cos y sin 8 V2 cos? y cos 3 tan 7 sin B
m R - R
+ Vcos ysin B~ VsinB sinyy + Vcos y cos B[§ (19)
‘Fr) v? sin y cos y cos 8 . .
—_ = +VcosycosB—VsinycoSBy
m R
. V2 coszy
I ¥V S ain OO N
v ~uo )/ o4 }_) P r S P Ltalu ’I

R

By observation, we note that V and y can be eliminated by combining
the latter two equations of (19), such that
Ff F v2 cos? y tan n sin B

cosB-—-—nsinﬁ=VcosyB'- (20)
m R
Eliminating /éfrom the latter two equations of (19),
F F 2
V4siny ¢ .
-—mf-sinﬁ+rn»cosﬁ= ;yosy +Vcosy—Vsiny); . (21)

Combining equation (21) and the first equation of (19), to eliminate y
and then V , yields

Fr Ff F
sin y + —— sin 8 cos y +
m

cos 8 cos y = \.’ (22)
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and

FR F F

cos y — —— sinfBsiny ——cos Bsiny=Vy-
m m

V2 cos y

(23)
R

To transform the force components, account must be taken of the
effect of the wind on the defined coordinate system. To simplify the
approach, yp and fg are introduced such that,

VRf = VR cos YR Sin ﬁR

VR’I = VR cos yg cos ﬁR (24)

VRR = VR sin 'yR

The drag and lift components can now be written as,
Df = — D cos yg sin ﬁR
DT] = — Dcos yg cos By (25)
DR = - D Siﬂ yR
LR = L cos A cos YR (26)
Lf = — L cos A sin YR sin Bg + L sin A cos Br
LT]=—Lcosz\sinyRcosﬁR—Lsin)\sinBR.

Substituting the various force components into equation (22), yields

— [sin yg sin y + cos yg cos y sin Bg + cos yg cos y cos B cos fg]
m

+

— [cos A (cos YR Siny — cos y sin yp sin 3 sin BR — cos y sin yg cos B cos BRr) (27)
m

+

sin A (cos y sin f cos BR — cos y cos 8 sin BR)]

gRsiny+g§cosysinﬂ+gn cosycosﬁ=\},
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or
D . .
- : [sin YR S0y + cos yp cos y cos (B — ﬁR)]

+ : [cos A (cos YR Siny — cos y sin YR €os (8 ~ BR)) + sin X cos y sin (8 - ﬁR)]

+ gR sin y + 8¢ coS)/sir1[~}+g77 cosy cos 8=V .

In the case of zero wind and 8, = g =0, i.e., nonrotating spherical
planet and no local winds, equition (37) reduces to

D .
""n""gRSi“}’:V' (28)

Substitution for the force components in equation (23) yields

D
— [-sin cosy + ¢ i i i i
- YR y os yg sin fp sin y sin B + cos YR €os BR cos B sin y]

L v
+ — [cos X (cos y cos YR + sin yp sin B sin y sin B + sin YR €os B sin y cos B)]
m

L . . . . .
+ = [sin A (—=cos BR sin B sin y + sin BRr cos B sin y)] (29)

V2 cosy

+ BR COSy — 8¢ sinﬁsiny—g17 cos Bsiny= Vy -

For a spherical nonrotating planet and zero winds, equation (29)
reduces to

2

. L V< cos

Vy=—cosA+—-T{—Z+chosy (30)
m

-145-



The remaining equation (20) becomes, after substitution of the forces,

D . -n ]
= [ - cos yg sinfBg cos B + cosyg cos fBg sin B

; 1
+ icosA[ ~ sinyg sin Bpcos B + sinyRcosBR sin 8] (31)
m

L . .
+ — sin\ [ + cosBgcosB + sinPpsinfB] + g‘fcosﬁ - & sin 3
m

V2 coszy

= Vcosyf3 — =

sin Btan 7.

For a spherical nonrotating planet with zero winds,

. L v2
Vecosyf§ = —
m

32
sin A +?c052ysin,8tan17- (32)

Summarizing the three equations of motion for a spherical, nonrotating
planet replacing B = -8

. D
V= -— - gsiny (33)
m
. L Vzcosy
Vy =—cosA + ———— — gcosy
m R
. L vi oo
VecosyfS = — sin ) +-§-cos y sin B tan g
m

An important observation of the resultant equations (33) is that the
first two equations are independent of the third when the roll angle is
specified. The first two equations describe the motion of the vehicle
in the plane of the velocity and radius vectors. These two equations

form the basis for the calculation of the flight path during entry for this
study.
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Considering the two force equations to be solved, the following sup-
plementary relationships permit their solution:

2
Rgy,
e-esL \ %

R =Rg + z (34)
dz Vs
dt = sin Y
p=p(2
where

8g1, = acceleration due to gravity at the surface

RSL = radius of the planet at the surface

z = altitude of the vehicle

p = ambient density of the atmosphere.

As axisymmetric ballistic vehicles are of Primary interest, with zero
lift at zero angle of attack, lift occurs only as a result of the dynamic
motions of the vehicle about its center of gravity. Fortunately, the
oscillatory motions of the entry vehicle tend to cancel out the effects
of lift on the flight path. Hence, the drag coefficient is obtained as a
function of time and depends on the angle of attack of the vehicle. An
option in the dynamics calculation permits the drag coefficient to be
specified as a function of Mach number, at zero angle of attack, below
peak dynamic pressure if the angle of attack is low.

The side force equation has been neglected as it is primarily dependent
on the magnitude of the lift vector component which is normal to the
velocity and gravitation vectors. A side component of the lift vector
can occur due to the angle of attack motions of the vehicle, but it also
tends to be canceled out by the oscillatory nature of this motion.
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The basic assumptions used in evolving the force equations are:
1) Spherical planet
2) Nonrotating planet
3) Zero winds
4) Inverse square gravitational field.
Additional assumptions used in programing the force equations are:

1) The side force equation has a negligible effect on the flight
path

2) C. cos ) is effectively zero for axisymnetric ballistic
vehicles.

The initial conditions, specified as entry conditions, are the entry
altitude z,, velocity Vs and flight path angle y, . In addition, the
surface radius Rg;, and acceleration due to gravity 8gp, @Te required.
The variation of density with altitude must be given tolBe able to
compute the drag force. In the event that aerodynamic coefficients
are specified as a function of Mach number, then the variation speed
of sound with altitude is also needed.

Atmospheric Data

a. Symbols
a speed of sound, ft/sec
Cp specific heat, Btu/lb
g acceleration due to gravity, ft/sec
L temperature gradient, °K/ft
M Mach number, molecular weight
P pressure, lbs/ft2
R universal has constant, radiué of planet
T temperature, °K
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Xo, XN, Xc, XA mole fraction of oxygen, nitrogen, carbon
dioxide, and argon respectively.

2 altitude, feet
p-! scale height, feet
p ambient density, slug/ft3

SubscriEts

SL conditions at surface of planet
ST stratosphere
TH base of thermosphere

b. Atmosphere generation

| The generation of the variation of density with altitude was simplified

} by introducing the hydrostatic relationships used in meteorology.

| This was done to avoid the necessity of placing complete tables of

| density variations with altitude for each new atmosphere conceived.
Since one of the trajectory options provides for the variation of

: coefficients with Mach number, when the vehicle is below peak dynamic

! pressurc, the speed of scund variation with altitude is also needed.

| The compositions considered include atmospheres of arbitrary fractions

of nitrogen, oxygen, carbon dioxide, and argon. The atmosphere is

then identified by specifying the mole fractions ANy Xer Xpr Xpof

these constituents.

In the troposphere, the temperature variation with altitude is linear for
earth, and may be linear for other planets as well, in which case,

8SL 2
| T = Tg - LSL( ) (35)
Cp
‘where A3 is the adiabatic lapse rate and hence LSL represents the
! C
5 P

.estimated temperature gradient in terms of a fraction of the adiabatic
value. The specific heat at constant pressure is

Cp 35Xy + 35Xy + 40X + 2.5 X,

— = (36)
R M
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P = PsL

where R is the universal gas constant and M is the molecular weight,
given by

To obtain the density variation with altitude, the hydrostatic equation is
used,

dp = — pgdz (37)
and the ideal gas equation ex.pressed‘as
d d dT
2.2, (38)
p T

Note that it is assumed the molecular weight is constant with altitude.

Combining the ideal gas and hydrostatic equations,

(39)

Using the expression for temperature as a function of altitude, equation
(35), and the inverse square gravity relationship, the integration of
equation (39) yields _

Lgr 8sL
R51_<T51_ - —P >
, .
Tgy, Mggy, zRg BsL. st RSL 1° TgL (Rgp, + 2)
exp — . (4 O)
T &LLsL (Rg +2) LsL8sL
R{TgL+ — Rg C, (Tsp + ?p— Rgp
p
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p:

The location of the beginning of the stratosphere is known by specification
of the stratosphere temperature TST’ so that by equation (35),

Cp (TsL = Ts)
(41)

3T =
Lsp &sL

The stratosphere is taken to be a layer of gas at uniform temperature
so that proceeding along similar lines as for the troposphere layer, the

following relationships are obtained:
BstzsT _-Bz

P = psT ©
where
Megs Rgp
B = (42)

Bst = B(Zsp)

psT = p (Tgr:ZgT) as given by equation (40).

Provision is included for a thermosphere, identified by the pressure at

its base PTH and a linear temperature gradient LTH in the layer. The

density variation with altitude is found in a manner analogous to that used
for the troposphere. The resultant expression is

~

PryM Mggy, - RE (= - zqp)
exp -—
RT ? R [Tgr-Lyy(Rgp +Zyp)) | (Rgp +2)(Rgy +2pp)

(43)

2
Lty R 1 < Tgr + Ly (z - zrg) > z
n

Tgt — Ly Rgp, + z7p) Tst (Rg + 2)/(Rgp, + zrpp) s
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where

T = Tgp + Lrg (z-zpp) (44)

The altitude at which the thermosphere begins is found by the stratosphere
calculations to occur when the pressure decreases to PTH'

The speed of sound is readily found by means of its dependence on tem-
perature, specific heat and molecular weight,

Cp T

ou (45)

-1
R

Summarizing, the relationships have been developed, for model atmo-
spheres consisting of:

a. A troposphere with a linearly decreasing temperature with in-
creasing altitude

b. A stratosphere with constant temperature

c. A thermosphere with a linearly increasing temperature with in-
creasing altitude

d. A constant molecular weight gas.

The parameters which define the atmosphere are the mole fractions of its
constituents, the surface acceleration due to gravity and radius of the
planet at the surface, the atmospheric temperature and density at the sur-
face, the stratosphere temperature, the pressure at the base of the
thermosphere, and the temperature gradients in the troposphere and ther-
mosphere,
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Reference area, £t

Normal force coefficient
Pitching moment coefficient
Pitching moment derivative (per radian)

Lift coefficient derivative (per radian)

ac,

) (‘i‘i
2V

Vehicle diameter, feet

» pitch damping coefficient (per radian)

Total angular momentum, ft-lb-sec

Unit vectors along the body axes

Moments of inertia about body axes, slug -it8
Space motion factor

Aerodynamic roll moment, ft-lb

Mass of vehicle, slugs; aerodynamic pitching
moment, ft-1b

Spin rate, rad/sec.
Dynamic pressure, 1b/ft%

Pitch rate, rad/sec
Yaw rate, rad/sec

Velocity, ft/sec

Inertial axes
Body axes

Angle of attack, degrees
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B Side Slip angle

a’ Total angle of attack

¢, 0, ¢ Euler angle between body and inertial axes
Iy

o nondimensional radius of gyration, ft, ¢ = —
md

w Total angular rate, rad/sec

p Ambient density, slug/ft3

@, Natural frequency of vehicle, rad/sec

Subscripts
% Ambient conditions
Supersubscripts
) Vector quantity

b. Derivation of equations

Two options are provided for the dynamics computations, due to the fact
that entry problems of ballistic vehicles can be classified in a gross man-
ner by virtue of their aerodynamic characteristics. Slender vehicles poss -
ess a highly positive lift curve slope which has a dominant effect on the
dynamic motion of such bodies. Very blunt bodies, on the other hand, de-
pend upon a delicate balance of the pitch damping and lift curve slopes

to achieve satisfactory dynamic performance. As a result of these two
basic differences, the blunt, high drag vehicle will tend to have larger
amplitude motions during the lower altitude portions of their flight in com-
parison to their slender counterparts.

Hand in hand with the differences in dynamic behavior described above is
the difference in the variation of the aerodynamic coefficients with Mach
number between the slender and the very blunt vehicle. The high drag
vehicle generally has a much smaller drag coefficient variation, super-
sonically, with Mach number than the slender vehicle. Consequently, the
larger amplitude motion of the blunt vehicle points to placing emphasis on
the drag coefficient variation with angle of attack, whereas as the smaller
amplitude motion of the slender bodies points to emphasis of the drag
coefficient variation with Mach number,

The solution to the body motions from entry to peak dynamic pressure
(both options) is approximated as follows:

a. Mach number variation of the coefficients are assumed negligible.
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b. The effect of flight path curvature is assumed negligible.

c. The drag variation with angle of attack is accounted for.

d. The damping due to plunging motion is accounted for.

The assumption of negligible flight path curvature, permits a simplifi-
cation in the derivation of the moment equations, as the inertial reference
frame can be oriented along the velocity vector. The coordinate system
used in deriving the moment equations is shown in figure I-26., The inertial

axes are X0, YO, ZQ, and the body axes Xg, YB, Zg. The Euler anglesare
¥, 6 , ¢, which specify the position of the body axes with respect to the

inertial axes. The origin of the body axes is at the center of gravity of
the body. The Euler angle sequences consists of a yaw ¢, a pitch 6, and
a roll ¢ taken in that order about their respective body axis, and denoted
by operation (1), (2) and (3) in figure I-26.

Letting i, _T, K represent unit vectors along the body axes, the total angular
rate is given by

Q = iP+ jQ + kR . (46)

The Euler angular rates are then given by the following relationships

Y = (Rcos ¢p + Qsin ¢p) sec 8 (47)
A = (Q cosd — R sin ) (48)
¢.>=P+¢sin9. (49)

These rates must be integrated to give the Euler angles which are then
used to compute the total angle of attack, a”, and the aerodynamic co-
efficients. The magnitude of the total angle of attack @’ can be expressed
simply by considering the velocity vector V resolved into components V
sin ¢ and V cos ¥ normal and parallel to the intermediate body axis
position OX in figure I1-26. If thé latter component is itself resolved into
components V cos ¢ sin § and V cos ¥ cos f normal and parallel to OX
respectively, then by means of the inset triangle, the total angle of
attack a’is given by

sina’ = \/sin2 U+ cos? v sinZg . (50)

It follows by similar reasoning that the effective angles of pitch and yaw

a and B for the body axis system at completion of the Euler sequence will
likewise be specified by the projection of V on axes OZ_ and OY_,
respectively. Hence, sina and sin B are given by the diTection cosines of
V (or OX@) on body axes OZpg and OYg, and these are:
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sin a = sin § cos  cos ¢ + sin ¢ sin @ (51)
sin 3 = sin  cos ¢ — sin O cos Y sin ¢ (52)

Solutions of these equations for a and B enables the static moment contri-
butions in pitch and yaw to be obtained by use of the pitching moment co-
efficient appropriate to each angle. However, it is not admissible to
perform a separate table lookup for each angle, since the airflow sees
only the total angle a’. It is therefore necessary to obtain C__ ata’and
then resolve this into two components in the pitch and yaw plgnes.

> -
The total moment vector lies perpendicular to the plane containing V and i
and hence

(53)

where m' is the scalar value of the moment. The velocity vector is easily
deduced by observation of figure 1-26, as

\—; =V (?cos a'—-; sin B + _I)( sin a) . (54)

Hence, the moment vector is

G k
> , j sin @ + k sin B)
M =M A

(55)

. ’
sin a

From equation (54) it is apparent that the transformations to obtain the
moment components in the pitch and yaw plane are sin a/sin a” and sin

B /sin a’. Similarly, the pitching rate vector a is given by
e . sin i
¥ e a (j - a’ vk an ﬁ,> (56)
sin a sin a

so that the transformations to obtain Q and R are also sin a/sin «’and
sin B/sin «”. The derivation of the moment equations is simplified if the
unit vector _] Wthh lies along M is introduced and k' which is normal
to the two vectors, i and j'. Then,

> dH SH 5 ﬁ 57

M= de 6t * x 67)
where

0 =1p+j & (58)

ﬁ = _; PI_+ ;' (a” + yp) 1 (59)
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The introduction of the flight path curvature into the moment equation (58)
would at first appear contradictory to the assumptions mentioned earlier.
However, its inclusion here is not to account for changes in the flight path
but to keep the coupling between the lift generated at angle of attack and
the body dynamics. The importance of this coupling resulting in damping
due to the plunging motion of the vehicle, has been established by many
investigators, e.g., Friedrich and Dore (ref. I-59), and Allen (ref. I-60).

The moment vector, after performing the vector algebra, is
- - ->
M= I @+ + k" Pa Iy ~1L) . (60)

The j’ term is principally determined by the lift vector, which lies in the
plane of the total angle of attack, and the previously mentioned inve stiga-~
tors have shown that

C; qAq’
s L (61)
YT mv, mv,
With the above approximation for j’, the moment vector is given by
Cy qAa’
- - L -
- i XYd k; b4 - R (62)
M j Iy <a + — >+ P a (Iy 1)
The unit vectors 7 and k’ are readily shown to be
>, - sina > sinf (63)
=) stk ——
sina simna
- > sin -+ sina 64
A R (o4)
sina sina
Hence, the moment expression takes the form:
CL qA & ]
> - .. Laq ¢ sina sin 3 ., .,
M= |1, \&+ —— - —— (I, P&’ -I P&’
y mV sina sina y i
C qAéd’ ]
pl (. Je ) s sea (65)
+ + + ~ a
vy \* mV sina’ sing’ ¥ ° x _J
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while also,

2 . 2
> > . q Ad sin a ., Ad
M= [C qAd + C_ a’ = j C_qAd + C_ a’ — ) (66)
’ <m'q my 2V ) I ein o’ (mq L 2v>
» sin 8 @’ q Ad?
+ k ——= [C,qAd + C ———
sin a q 2V
Hence, the final expression for the moment components is
C
I . AdsC sin a rd c Iy Ly ! ‘
yQ=d ’ m Tma TV “mg T Tava § vy =T PR (67)
( ™ c
I, R AdSC LY B y e ? I
= . + — - ——] \ I, - P .
y 1 ’ sin a’ 2v Mg mVd S K y) Q (68)

The third, or L, moment equation is set arbitrarily to zero since the
study is confined to an idealized axisymmetric body with I_ = I_, no offset
center of gravity and no fins. A constant spin rate is assumed to exist,
so that P = 0.

A predictor-corrector scheme (sometimes called the modified Adams-
Boshforih method) is used for the numerical integration. It possesses an
intrinsic advantage in that an estimate for the truncation error is avail-
able at each stage. If this error is large, then the integration interval is
decreased by some pre-assigned factor and if it is small then the interval
is increased by some factor. In this sense the method chooses its own
interval for integration. This scheme is not self starting; a Runge-Kutta
procedure is used with intervals which are small.

Below peak dynamic pressure, the dynamic calculations described above
can be used if desired. In the event, the motion is of large angle of
attack at peak dynamic pressure, and the aerodynamic coefficients do not
change markedly with Mach number, then the above approach to estimate
the vehicle's performance below peak dynamic pressure is reasonable.
If, however, at peak dynamic pressure, the angle of attack envelope is
small enough to utilize linearized coefficients, then provision is made to
optionally switch over to a linear analysis which couples the force and
moment equations and accounts for Mach number effects.

Before proceeding to a description of the linearized solution, the basic
elements of the first option are now recapitulated:
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a. No Mach number effects (a way inwhich Mach effects can be
introduced is discussed later)

b. An idealized axisymmetric body is assumed, with IY = IZ
c. Constant Spin Rate; P = 0

d. The moment and force equations are coupled two ways:

1) The drag variation due to angle of attack is included

2) The effect of lift on the body dynamics is approximately
accounted for.

A summary of the equations programed for solution follows:

a. SL = 0

sin a d IyCL
b. 3M = qad [C, + <2v cmq - ch;1> Q

2V Mg mVd

c
. d L CL
c. SN = qad|c B +<——c _—-L>(R)

d. sina’ = (sin?y + cos?y sin? 9)l/2
e. sin @ = (sin@ cos iy cos ¢ + sin ¢ sin @)

f. sin B = (siny cos ¢ — sin 0 cos ¢ sin ¢)

c Xcp Xce c
g "=~ \q T 4 N
h G- M

Iy

. N

i R = ——

j» M = 3M + (I,-I)PR

k. N = IN+ (1, -1)PQ

1. 1/.1 = (Rcos ¢ + Q sin ¢) sec 9
m. é = (Qcos ¢ — R sin¢)

P + stinG

o}
RN
]
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|

€. Linearized Equations of Motion

For vehicles which have small angles of attack, the use of linearized
methods can simplify the necessary inputs and the computer program.
Consequently, an option is provided wherein a linearized solution to a
vehicle which is pitching and spinning can be used.

A number of investigators considered the linearized solution of an axysm-
metric vehicle with spin. Nicolaides (ref. I-61) and Nelson (ref. I-62)
have considered the motion for vehicles at constant velocity. Garber
(ref. I-63) and Migotsky (ref. I-64) have considered the motion of an
entry vehicle with spin. In general, the solutions indicate that the motion
is epicyclic consisting of two vectors which rotate in different directions
and with different rates. The solution for the angle of attack and side slip
angles is given by Garber in equations (74) and (75) of reference 1-63.
These formulas are summarized below:

foldt ‘/‘0'2 de
A inZ;] (A Zo+ Ay sin Z,) (69)
a = e lcosZI+A2s1n 1l+e 2C0s Zy+ Ay sin Z,

-/(;1 de faz de

B =ce [Bl cos Z; + B, sinZl] + e [83 cos Z, + B4 sin ZZ] (70)

The solution is more readily understood if one considers the following
diagrarn;

ja

The total angle of attack is generated by the two vectors Rj and R, re-
volving at different directions and at different rates. The initial positions
of these vectors can be specified as vy and v,. At t= 0 the vectors have
magnitude R) and R}, however, at subsequent times their values are

R e Jozdt 4na Rye Jorde 45 a result of damping.
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At a subsequent time the angular position of the two vectors are Z)- v;
and Z3 + v, so that the angle of attack expression takes the form of

gy dt oy de
a=Rje sin (Z3 + v)) = Rye sin (Z] = v;) (71)
and the side slip vector takes the form of
o, dt oy dt
B =Rje COS(Z3+V2) + Rye cos (Z; — vy) . (72)
The total angle of attack is given by
a]% - a2 4 ,82 . (73)
Letting
o] = A—AX (74)
and
o, = A+ AA (75)
the total angle of attack expression can be written as
Zf/\dtg 2fA)\dt —ZJ.A/\dt
aé= e ?Rfe +R2e +2R1R2cos(21+23+v1—v2)s.

Considering the envelope value, only the total angle of attack envelope
reduces to the form

j.A)\dt —-fA)\dt
Adt
] Rl €

+R2e

. R, + R, (77)

where g, is the angle of attack at T = 0. The form of equation (77) can

be further simplified by substituting
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R; - R,

so that

AN de _ | Anae
A J J 7
aR fdt l:(l+K)e F(1-Ke ] (79

= e 5
a
RO

This result is the same as that obtained by Migotsky. For the case of
zero spin, the result reduces to the work of Sommer and Tobak (ref. 1-65).
The expression AMis

C
Ix P PAvV mq
— = — |G +
Iy 2 m a 202

AX (80)
2
, (&P
4 wg +{53
N \"y/
and the expression for A is
2
C o +|——
SR VO . = (81)
T\ 2) i w

Substituting these expressions into the angle of attack envelope formulas,
one obtains,

-163-



aR (“R
ay . \a
R,o R0

1/4

x fA)\dt —fA)\dt:|
ZIywno (1+K)e +(1-K)e

).

The quantity K is called the ""space motion factor'.
describes the influence of K on the nature of the resultant motion in detail.

A summary of the equations programed follows:

. /4
ag - ma,Oqo >
a. = —_— [
C
“R,0 P=0 maq
C
pA Mq
b. Pp = T Tm CL - 3
m a 20
1
2
C. = —pV
q 3 P
B 2
LP
* I
4 ag ag 2y“’n 0
%R0 \%Ro0/p_g LP \?
1+
L ZIywn
I
e. o2 - 7
m d2
C_ q Ad
m
f wl = - :
. a I
y

1/4

0

(1+K) e

. (82)

Nelson (ref. 1-62)

t
f Arde
0

t
—f AAde
0

+(1 =K)e

-164-




Iy p Pav mg
_—— — CL +
Iy 2 m a 20 2

g. Ax =

Trajectory Block Evaluation

a. Angle-of-Attack Effects

The significance of the effects of angle-of-attack variations is largely
dependent on the shapes. The M1 vehicle exhibits a large variation

of the hypersonic drag coefficient with angle of attack, as shown in
the table below.

a Cp

0 1. 45
30 1. 20
60 0. 44
90 0.54
120 0. 85
150 0.84
180 0.60

Early results showed that with high spin rates, large angles of attack
resulted at peak dynamic pressure. To verify these results, six-
degree-of-freedom solutions were run which indicated that much
smaller angles of attack were occurring. Consequently, it was deemed
necessary to account for the angle of attack variation of the drag
coefficient, coupling the moment and force equations. At the same
time the damping due to the plunging motion of the vehicle was added
as discussed earlier. A comparison of the results at peak dynamic
pressure of the coupled and uncoupled solutions is shown in the table
I-24,
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CONDITIONS AT PEAK DYNAMIC PRESSURE

TABLEI-24

Uncoupled Coupled
Angle of Attack |Dynamic Pressure | Angle of Attack |Dynamic Pressure
(degrees) 1b/fte (degrees) 1b/ft2
Ml1-AB-1 28 150 23 168
M1-A3-2 21 802 25 850
Ml1-A3-3 28 127 22 145
M1-A3-6 126 149 40 267

A typical comparative summary of results obtained by a particle
trajectory, a six-degree-of-freedom solution and the modified four
degree-of-freedom solution programed for this study is shown in

table I-25.

The results shown in table I-25 indicate that accounting for the drag
variation with angle of attack had a serious effect on the peak heating
and loads, especially for the entry case M1-Al-2 where the flight

path angle is y,

-90 degrees.

It was a result of these differences

which led to the development of the coupled, four-degree-of-freedom
solution used for the final calculations.

Comparisons with six-degree-of-freedom solutions were done for

several cases.

In these comparisons (shown in table I-25) the six-

degree-of-freedom and approximate solutions utilized the same aero-

dynamic coefficients.

a spherical non-rotating planet was assumed.

For both solutions, identical atmospheres and

The comparisons are shown in figures II-2 and II-4 of Volume II.
The angle of attack envelopes show excellent agreement down to peak

dynamic pressure.

However,

Below peak dynamic pressure, the angle-of-attack
envelopes both exhibit a limit cycle behaviour.

the six-

degree-of-freedom solution exhibited larger envelopes as the spin rate

‘was increased.
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TABLE I-25

TRAJECTORY COMPARISONS

Flight Event Ml-Al-1 Ml-Al1-2
Particle Six Degree | Four Degree Particle Six Degree | Four Degree
[Trajectory |of Freedom | of Freedom Trajectory | of Freedom | of Freedom
Angle of Attack at Peak
Stagnation Heating
(degrees) | ceeee | ea-as 2 S B . 41
Angle of Attack at Peak
Dynamic Pressure
(degrees) b eo--- 27 25 | e---- 35 33
Peak Stagnation Point
Convective Heating 69 | e--e- 79 167 | ee--a 200
(Btu/ftz-sec)
Peak Stagnation Point
Radiative Heating 6.3 |  e-m-- 7.9 84  {  ----- 122
(Btu/ft2-sec)
Peak Dynamic Pressure
(lb/ftz) 204 232 228 1200 1431 1421
Altitude at Mach 2.5
(feet) 73,200 72, 100 73,700 24,100 21,200 22,500
TABLE I-26
LINEAR SOLUTION COMPARISONS
Flight Event Ml-Al-1 Ml-Al-6
Linear 4 degree 6 degree | Linear 4 degree 6 degree

Angle of Attack at Peak
Dynamic Pressure 25 25 27 39 39 39
Minimum Angle of
Attack Envelope
Value (degrees) 12 20 24 26 27 33
Mach Number for
Rapid Divergence 1.75 Limit Limit 4.15 Limit Limit

Cycle Cycle Cycle Cycle
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b. Linear Solution

One of the major difficulties with the linear solution is its limited
applicability. For the study of slender missiles with small angle of
attack oscillations, the linear approach is highly useful. However,
in the present study, two factors led to serious limitations in the use
of the linear approximation:

1) The entry conditions studied considered an angle of attack of
179 degrees, which in the predominant number of vehicles con-
sidered led to angles of attack at peak dynamic pressure outside
the range of applicability of linear coefficients.

2) The majority of the vehicles studied were relatively blunt
and had poor aerodynamic characteristics at low Mach numbers.
This type of vehicle relies primarily on the nonlinearity of the
coefficients to prevent it from tumbling at low speed; the nature
of its dynamic motion is often referred to as a limit cycle. The
vehicle that limit cycles is dynamically unstable at small angles
of attack, but develops a stable oscillation at high angle of attack.
Consequently, a linear analysis could fail completely in charac-
terizing the vehicle's performance, giving misleading results.

A number of comparative cases were calculated to illustrate the
nature of the solution obtained by the linear approximation. The
results shown in tableI-26 are typical of the differentiation the
linearized and four and six degree of freedom calculations.

c. Summary Evaluation

The approximate four-degree-of-freedom solutions yielded good
agreement with six-degree-of-freedom calculations, in every respect,
for the flight conditions and shapes compared. The computer time
for the approximate method is about 20 percent and the computer
storage is about 30 percent of that required for the full six-degree-

of -freedom solution.

Limitations of the approximate method could arise at very large spin
rates at angle of attack such that a ballistic vehicle could generate
sustained lift and change the trajectory. It may be recalled, that in
the approximate solution, the effects of lift on the flight path were
omitted.

Another limit comes from the approximation which neglects the angle-
of -attack contribution due to trajectory curvature. Hence, an entry
condition of zero angle of attack, with zero rates, will result in zero
angle of attack throughout; similarly a 180-degree angle of attack with
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zero rates would maintain the 180-degree angle of attack throughout.
The probability of entry under these conditions is essentially zero;
nevertheless, these cases are frequently done in studies. As a
result of this behavior, a benefit is incurred by being able to use the
program for particle trajectories, if so desired.
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D. STRUCTURES BLOCK

1. Introduction

The purpose of the structures block is to provide a means of calculating
realistic elemental weight of major structural members. Analytical
expressions were developed from an analytical or empirical description

of a critical mode of structural failure to adequately describe the elemental
weights., The major structural members considered in this study are:

1) The external structure which is the aerodynamic load bearing
structure supporting the thermal protection system (heat shield)
during entry

2) The internal structure which serves as the load-carrying
member for the residual weight and parachute reaction system

3) The retardation (parachute) system which serves as a high-
drag load-carrying decelerator

4) The impact attenuation system which serves as the energy
absorber during impact.

The latter three major structural members will constitute the internal
package systems described herein

1) External Structure

A typical configuration for the external load-bearing structure
analysis is shown in figure I-27, It is evident from this figure

that the structure can best be described by three primary structur-
al sections: (1) a spherical cap (2) a cone, and (3) a cylinder. No
general expressions for describing the thickness and weight of rings,
toroidal sections, or any other structural fasteners will be attempted
here, The reason for this is that the stresses in most structures
are directly related to the method of loading and an exact geometry
which is usually dictated by design considerations.

Also shown in figure I-27 is the nomenclature for definition of
pertinent sections in defining the shapes generated.

The analysis, and consequently the weight expression, for the exter-
nal structure employed the use of two types of shell construction:

(1) sandwich (honeycomb) shell, and (2) stiffened shell, The sand-
wich shell construction provides an excellent stability-strength to
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weight ratio for both static and dynamic loading conditions. The
selection of a stiffened (monocoque) shell was incorporated to make
the program more general, in that a larger range of shell materials
could be handled and a radiative (hot structure) design concept could
be investigated in comparison to a'heat shield-substructure (cold
structure) design concept.

2) Internal Package Systems

As stated earlier, the internal package systems consist of an inter-
nal structure, retardation system, and an impact attenuation sys-
tem. The analysis of each system is fully described in its repre-
sentative section in the following text. The selection of the internal
structural configuration is based on the determination of an internal
weight to adequately represent a structure supporting the internal
package. It is impossibleto evolve a general expression for any
type of structure to support any type of loading. Therefore, a spec-
ific type of structure had to be selected to fit within the geometry
specified and to be a function of the loads and force imposed on the
capsule during the flight perfcrmance. A cylindrical shape was se-
lected to represent the structural support for the residual weight
and the impact attenuation system, and a cone shape to represent
the structural support and redistribution scheme for the parachute
reaction system.

The retardation systems considered in this study consist of a two-
chute system; a drogue chute deployed, usually, atMach 2.5 and a
main chute deployed at Mach 0. 8. The selection of this retardation
system evolved from a series of studies conducted on other systems
indicating that a lightweight design would result from a two-chute
system. Another reason is that this parachute system is within the
state-of-the-art of recovery systems.

Since the contractual work statement specified the use of a passive
(crushable material) impact attenuation system, and that the cap-
sule must be capable of impacting up to 45 degrees from the verti-
cal, the analysis and design scheme followed in order. To simplify
the design interface with the internal structure and to develop a
more general design approach, a spherical cap segment was em-
ployed. Analysis of the impact attenuation considered several
crushable types of materials commonly used as impact attenuators.
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Spherical Cap Sandwich Shell

a. Introduction

Analyses of a spherical sandwich cap have been derived and the opti-
mum and nonoptimum weight expression developed. The analyses
considered five modes of failure in the derivation of these expressions;
they are

1) General instability

2) Yielding -- face sheets
3) Core crushing

4) Dimpling -- face sheets
5)  Wrinkling.

However, only the first three modes of failure were used in the
developed expression. Since dimpling of face sheets depends only on
the cell size, this criteria can be satisfied through core crushing

in that it is a function of a ratio of ribbon thickness to cell size.
Wrinkling of the face sheets was not considered a critical mode of
failure since core crushing criteria and minimum allowable core
density would give the core sufficient strength such that the face sheets
would fail in general insiability {irst.

Since little test data and theoretical analysis is known on buckling of
sandwich spherical caps, derivation of the general instability criteria
was limited to transformation of isotropic (homogenous) buckling data
to sandwich shells. Transformation of these data employed the use

of equivalent bending and extensional rigidity functions for homo-
geneous and sandwich shells. A comparison with a more rigorous
transformation by expansion of the strain energy expression proves
that this method is adequate. Optimum expressions are developed

for the core thickness and face sheet thickness with respect to the
total sandwich cap unit weight. These expressions were derived so
that optimum design would be obtained if face sheet yielding or mini-
mum gage were not the critical criterion. Hence, optimum weight
will only occur when face sheet material has a high yield stress
capability.
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b. Nomenclature

B

Extensional rigidity, Et
2
(1-v)

Bending rigidity, El

(-9
Young's modulus of elasticity (psi)
Height of spherical cap (inches)

Constzant for unit weight of adhesive in sandwich construction
(Ib/£t<)

- Uniform applied pressure load (psi)

Classical spherical shell buckling pressure

load, 2E <_t_)2 (psi)
[(3(1- .8 /2 R

Radius of spherical cap (inches)
Thickness of isotropic shell (inches)
Thickness of face sheet (inches)
Thickness of core (inches)

Unit weight of sandwich shell (lb/ft%)

Poisson's ratio homogeneous shell and face sheets

Geometric parameter, 2 [3 (1 - vz)] 1/4<_I2_) 1/2
t

Density of face sheet (1b/ft3)

Density of core (1b/ft3)

Density of core material (1b/ft3)
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OCYf Compressive yield stress of face sheet (psi)

OCYR Compressive yield stress of core material (psi)

c. Derivation of Core Thickness

Although a number of experiments have been performed on snap
buckling of isotropic (homogeneous) spherical caps, no test results
appear to be available on buckling of sandwich spherical caps.
Therefore, test results on homogeneous shells are generally used as
the basis for design. To use these results, it is necessary to interpret
the parameters used for homogeneous spherical caps in terms of
parameters of sandwich shells. This is accomplished by transformation
of isotropic bending and extensional rigidity parameters to sandwich
shell equivalent parameters.

Usually, most general instability test data and theoretical analyses of
homogeneous shells are presented in terms of nondimensional para-
meters (ref. I-66 to I-68), a geometric parameter A, and a pressure
ratio parameter P/qcR, of

1/2
A= 2 (301 -)]1/4 (—?—>

and
PI31-vH1/2  [R\?
P = —
/9cr 2E ¢

where

P = uniform applied pressure

AeR = classical spherical shell buckling pressure

t = shell thickness

H,R= geometric parameters, defined in figure 1-28.

We see that A may be rewritten as

1/4
A= ﬁ(%) (1 -vl/4 yl/2
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Figure 1-28 SPHERICAL CAP GEOMETRY
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if

Et
B = —7m— Extensional Rigidity
1-v?
and
Ed
D = Bending Rigidity
12(1 -v?

The equivalent extensional and bending rigidities for a sandwich shell
neglecting the core and moment of inertia of the face sheets, are

ZEftf
B =
a-v}
Egtp t.2
D =
2(1- v

where tf and tc are defined in accordance with figure 1-28.

Hence, for a sandwich shell, A becomes

1/2
A= 201 - ppl/d <i>

te

Similarly, the pressure ratio parameters may be rewritten as

PR 2

P/qcg =

Again applying the sandwich shell extensional and bending rigidities,
this pressure ratio parameter becomes

PRZ (1 - v})1/2

P
/qCR 4Ef tC tf

The above transformation can be more rigorously derived by com-
parisons of the strain energy expansion for homogeneous and sand-
wich shells (ref. I-66). In both methods of transformation, it is

assumed that the core is sufficiently rigid so that transverse shear
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deformation has a negligible influence on the buckling load. The ex-
pressions, and consequently the correlations, would not be expected
to hold for relatively weak sandwich cores.

Figure I-29 presents test data on snap buckling of homogeneous
spherical caps under external pressure(ref. I-67). The lower bound
of these test data can be represented by the relationship

1.1

P/ - —
4CR 273

Applying this relationship to the above derivation for sandwich shells,
we find

2.78 Eg(c )3 ¢

Hence the core thickness becomes

b\ 34
to = 0.465 (1 - vpl/2 < ) H1/4R3/2 i,

E¢ o

In terms of face sheet thickness, the above expression may be
written as

p\ H!/3
t = 0.36 (1 —v2)2/3 (— R, in.
f (1 =-vi) E tc4/3

The geometric parameters H and R in the above equations for core
and face sheet thickness can be expressed in terms of the general
program geometric parameter as

RN RS sin OC

H =R (1 —cos ) + — cos Oy |1l = ————
<)X, R, sin (90° + 6y
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Note that the above expression for H includes the height of the short
toroidal section defined by R_. This results in a conservative solution
for the spherical cap and accounts for uncertainties in buckling of
spherical-~toroidal caps.

d. Derivation of Optimum Expressions

1) Optimization of weight with respect to face sheet thickness

The unit area weight expression for a honeycomb sandwich structure
can be written as follows:

v L 1 2
= B pe (2t) + E pe (to) + K, lb/fe

where i is used to convert the inch unit of tf and t to foot units,
12 ¢
and K is unit weight of adhesive material.

Or,
1 2
v = -6— pg e + -17 pcte + K, Ib/fe
Let
K 1
11 = g
and
3/4
Pe 2,12 (FCR Ry >/
Ky = == [0465 (1 - vg _— /4 {— R3/?
12 E; R
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Now the unit area weight expression can be written as

K22

+ K , 1b/ft2 .
(/4

W=K11tf+

Optimum weight (minimum) can be determined from the condition
aw

—_— = 0
8tf

ow K 3 K 1

deg LT 4 72 /4
Thus,

4/7
tf = , 1n
opt 4 Ky

2) Optimization of weight with respect to core thickness

The optimum core thickness expression will be that which is re-
quired to complement the optimum face sheet thickness for the
stability requirement. This thickness can therefore be expressed
as

1 K22
- . -
12 Pelegy . 3/4
fOpt
12 K22
te = —
opt Pe ¢ 3/4
opt
12Ky, .
t =
opt Pc 3 KZZ 4/7 3/4
4Ky,

or,
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3) Optimum weight expression

The optimum weight expression is merely the sum of the optimum
face sheet weight, core weight, and adhesive weight on a unit
area basis.

1 1

W o= — pt b —p ¢ + K, Ib/f? .
opt 6 Pt fopt 12 Pc copt
4 s 3/7
opt 114k, 12 Pe 3Ky,
4/7
3Ky, )
Wopt = 2.36 Kll El— + K, lb/ft
c. Limitations

1) Yielding criteria

The face sheet thickness must satisfy yielding criteria based on
simple membrane stress for spherical shells

PR )
o = — si
Yy ey P
or
PR _
tf = , 1n,
40CY£

This equation assumes that one half of the external pressure
load is transmitted to the inner face sheet. Hence validity of this

criteria is only applicable for large R/tg shells, i.e., thin
shell theory.
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2) Core crushing

An empirical equation was developed to fit the test data for most
aluminum and steel core materials. The equation arrived at is

pe = 0.22 PR (P/OCYR)O'588

where
p. = required core density (1b/ft3)
pr = density of core material (lb/ft3)
P = applied pressure load
ooy s compressive yield stress of core material (psi)

This empirical equation was derived assuming that one half of the
uniform pressure load is being transmitted by the core to the
inner face sheet,

However, after the program was completed, an analytical solution
was found in reference I-71 that closely agrees with the test data.
A comparison with the above expression indicated that the
reference I-71 cquation is a little more conservative. The dif-

ference in the expression did not warrant a change in the program.

3) Practical considerations

.

From the standpoint of practical design consideration, the face

sheet thickness and core thickness must satisfy the minimum

allowable manufacturing gage, tf and tc . The selection
min min

of these values depends on the material and the method of sand-

wich fabrication, i.e., bonding or brazing and core design.

Due to the mode of failure and the shell theory used to describe
this mode, the core thickness must be limited to a maximum,
tC . This limitation is necessary to substantiate the

max
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assumption thattransverse shear deformation has a negligible
influence on the buckling load.

Also from the standpoint of practical design, the selection of
core density must be within the acceptable manufacturing limita-
tion, i.e., P .

c .
min

f. Weight Expressions
For nonoptimum design (i.e., if t and t_ are governed by instability

and/or yielding criteria), the unit cweightf expression can be written
as follows:

Vo= 1/6pstg + 1/12 p.t. + K, Ib/fe?
where

P = face sheet density

P = core density

K = adhesive weight

The total weight of the spherical cap is then determined by

= A, 1
WT NwW b
where
N = represents the practical considerations of design, i.e.,

ratio of actual design weight to bare weight, usually about
1.7 average for sandwich type construction.

A = Total surface area.

-184-




Conical and Cylindrical Sandwich Shells

a. Introduction

Governing equations for the weight expressions of conical and cylindri -
cal sandwich shells have been derived. Derivation of these equations
considered five modes of failure:

1) Shell general instability
2) Face sheet yielding

3) Core crushing

4) Face sheet dimpling

5) Shell wrinkling.

Shear effects on these modes of failure were neglected since their
contributions in thin shell theory are small as compared to bending.
However, this imposes certain restrictions on the design, such as
maximum core thickness.

Each mode of failure is investigated with respect to the critical shell
parameter. The results indicated that only the first three modes are
needed in the derivation of the weight expressions. Since face sheet
dimpling criteria depends on cell size only, it can be satisfied by core
crushing, which is a function of the ratio of ribbon thickness to cell
size. Wrinkling criteria will not be critical as long as the core has
sufficient strength to satisfy core crushing; hence general instability will
usually govern,

The derived expressions for the pertinent geometric parameter based
on the above criterion were then optimized with respect to weight to
obtain the minimum unit structural weight. However, if yielding or
minimum thicknesses are the governing criteria, then the optimum will
obviously be the weight corresponding to these criteria.

b. Nomenclature

2Eqy
B Extensional rigidity,
(a-vh
E ¢ tc2
D Bending rigidity,
231 -vd)
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£

Pt

Pc

Young's Modulus of Elasticity - face sheet (psi)

Constant for adhesive unit weight (1b/£t2)

B-B+p3+BY2ah -1 -1 - B
2(1 - B/2)?

k, inches

Ry (1 - B/2)/sina » inches

geometric parameter, (L/R;) cosa

Slant length of cone, inches

Base radius of cone, inches

Nondimensional instability pressure parameter
Critical pressure load, psi

Face sheet thickness, inches

Core thickness, inches

Geometric constants, function of geometric parameter f8
Base cone angle of shell, degrees

Unit weight of sandwich shell, 1b/ft2

Ratio of axial to lateral pressure distribution

mm

L

Poisson's Ratio of face sheet
Density of face sheet

Density of core.
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c. Derivation of Core Thickness
This derivation is based on a general instability criteria developed in

reference I-70. From page 16 of this reference, we find the nondimen -
sional pressure parameter,

83 3+S 1
+

2y 1+S

k 3+5\/2[/3.5\/4
1+8 1+8 +2

3[3+S ]
S +1
1+8
3.8 V2 3,51/4 ¢
1+8

Let

Py =

+
1+8 2

Now a new and simpler expression relating P) to S can be developed
by making a plot of values of P] versus the value given by the right
side of the present expression.

From the plot shown on figure I-30 and from the values shown in table
1-27, this new expression can be written as follows:

Py = (1.3)s2:84

where the constant 1.3 is the intercept of the P line, 1n (+ 0, 255) =
1. 3 (determined from the curve fit), and where the power of S is the
slope of the plotted line;

In 6.65
In 2.34

= 2.84

As a check, the values of Py and S are calculated from this new expres -
sion and are shown in table I-28. A number of observations can now
be made in the diagnosis of table I-28,

1) The percent error for P] when S = 0. 1 will not be as high as
10 percent. The 10 percent value is high due to the inaccuracy

of the five -place log tables in this low region,

2) The new equation fits the terms well for 0 < S < 1.0. Note the
equation is inadequate for S=0; whichmustbe handled as a specialcase,
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3) The new equation does not fit the terms well beyond S = 1,0,

It is appropriate to comment that in a number of practical cases

handled, the calculated value of S has always bounded 0 < S < 1.0 as
described.

With the new expression P = (1,3) se- 84, it is now possible to write
equation (22) of reference I-70 in the following simplified form:

+
2t 1+S
P —
kK pas\V2r/3.5\V4
1+8 1+8 )

th
- - (1.3) s%-84

where

1/2 1/4
Z(AKltc 2t1t3t4

k3/2 KZ 2 t3—Vf2

Let

by 1/4
A=/ Kl \/ft1t3t4\ )
\km KZ/\2t3 -vfz/

The expression for S can now be written as

s =242

Substituting this back into the above expression for P,

2 tf
P = — [1.3(2Ac}/2)2.84
k [

and

Pk \0.704
t, = 0.127 , in.
t 4284
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It is evident from the expression for tc, that the expression for face
sheet thickness t; can be written as

Pk
4 = , in,

2.84
18.6 (Ac}/?)

1) Special case S =0

For the case of a cylinder with a lateral load and no axial load,
the following relationships,

y=0 B =0 K; =0 ,
and therefore

S=20

indicate that the expressions developed previously are not applic-
able to this special case.

In accordance with reference I-70, the following special relation-
ships are established.

From page 10 of reference I-70,

[3+S :|
+ 1
1+8

P =
B
3+S1/2 5+S1/4 s
1+8S 1+58 * 2
3l s
(3)1/2 (3)1/4
and
Pcr K2
Py

2¢4 )2 pHl/4
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where

K, = k = =R,\ = —
2 sina °
Eg t; t2 2ty -vd) (B)
D= ——m—  H-= -],
21 -vd) 8ty e aik? \D
ZEftf
:1=t3=t4=.5,B= >
(I—Vf)

Making the above substitutions, we arrive at the expression

P Ro L 1/2

t. = .404 T . (l—V%) , in.

It is evident from the expression for tc, that the expression for
face sheet thickness tf can be written as follows:

2
Pcr 2.3/4 (Ro ¥ ,
te = .258 p— (1 -v{) - L, in.
\ "t/ \c/

2) Definition of geometric parameters in terms of the general
program parameters

Reference to figure 1-31 indicates that only four parameters, <,

RO, RT, and a, need be defined to handle any type of section.

The following are the typical sections needed to define any capsule
shape.

a) Conical section

Re Ry Rs ; ‘f{icose
L = l—-——'—smaN—‘R c

sin OC Re Re C
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R =R

o C
R..=(R -R)sin ¢ + R cos ¢
T N S N s C
a =90° _ 6
C

b) Cylindrical section
L =AX

R0=RC

RT=RC

a = 90°

c) Flare fore cone section

Re Rp
L = - o | — -
- sin OF Re

R =R

o B
RT=KC
a =90° - 6

d) Flare aft cone section

Re Ry Ry
L = f— - =
sin 0A Rc Re

Ro-'-‘RB
RT=RA
=90° - @
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e) Rear conical section

Rc Ry
L = . 1 -— —

)
1]
)

)
]]
Y

a =90° - @ .
A

Derivation of Optimum Expressions

1) Optimization of weight with respect to core thickness

The unit area weight expression for a honeycomb sandwich
structure can be written as follows:

W ! K , b /f?
= = pete + — t. + , t
6pff 12 Pc te
Let
1 Pk Pk pg
C1=5P 2.84) 2.84
18.6 AZ: 111.8 A%

and

. 1

271 Fe

Now the unit area expression can be written as

<

+t.C, + K
1.42 c 2
()

Optimum weight (minimum)can be obtained from the condition

CA

R0

tC
9w 1.42C,
—_ - - —— + G =0
c?tc (tc)242

1.42 o 0.414
t =
copt Cz
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c, 0.414
t = 1156 { — , in.
COPt C2

2) Optimization of weight with respect to face sheet thickness

The optimum face sheet thickness will be that which is required
to complement the optimum core thickness for the stability re-
quirement. This thickness can therefore be expressed as
follows:

1 C1
6 Pflope ~ 1.42

t
€opt

6 c. 0.414]71-42
:f” = — |1.156 —
Opt pf C2

489 0414 0586, .
tf = T [Cl . C2 ] , 10,
Opt pf

3) Optimum weight expression

The optimum weight expression is merely the sum of the optimum
face sheet weight, core weight, andadhesive weightona unitareabase.

1 1
k4 - = pet + — p.t P K
opt 6 "Fopr T 12 Telegp
G
w = +t.Cy +K

opt
P (tc)1.42

0.586 2
1971 [cQ-414 C3°%) + K, Ib/fe

WOPt

4) Special case of a cylinder

a) Optimization of weight with respect to core thickness

The unit area weight expression for a honeycomb sandwich
structure can be written as follows:

1 1

2
W= - te + — t. + K, Ib/ft
6 Pe tg 12 Pc tc
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Let

3/2 2,3/4
pe Per RE/ZAX (1 —v)

Xl =
23.2 E
and
Pc
K = e
27 12
X1
= + t. X K
t3/2 C 2 +
C
oW 3 S| . .
— = - - +
atc 2 (t )5/2 2
Copt

b) Optimization of weight with respect to face sheetthickness

The optimum face sheet thickness expression will be that
which is required to complement the optimum core thickness
for the instability requirement. This thickness can be ex-
pressed therefore as follows:

Pt ‘fopt

3/2

6 X,

tfi =

t 3/2
op X \4/5
pg |1.176] —
X
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4.7 [x{/3 x3/3)
tf =
opt P

c) Optimum weight expression

The optimum weight expression is merely the sum of the

optimum face sheet weight, core weight, and adhesive weight
on a unit area basis,

1 1

w = - t + - t K
opt 6 Pt fopt 12 Pc Copt +

X
WOPt = 3/2 + tC X2

£

2
%, X\

w - + 1176 | — X,

WOP!

1.959 [x7/3 x3/5) + x, 1/fe?

Limitations

1) Yielding criteria

The derivation of face sheet yielding criteria is developed in
reference I-70. In accordance with the theory set forth on page 8
of reference I-70, and the loading conditions to which entry cones
are subjected, the maximum value of Ey is obtained when r

= Ro ; hence
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Pcr Ry V2
= 2 ° =2 4
g, = — |3° + > 1-»"QaQ-4)

y 2(t — tc) sina .

Pcgr , RS I Ry
UC)’f - 4tc sina 3R° M R -y - - R
V¢ o
where
Rp
=1~ '

and RT = the radius of the smaller end of the cone.

4 1/2
Per T 3401 -7)2 o
g = — +(1 - _—
cyf 4tc sina 4 Ro
M
and then,
1172
"er Do 34 (1-7)2 o
t = + (1 - _
Cyf 4ac sina 4 Ro
M

2) Core crushing

Thus,

The derivation and limitations of core crushing expression is de-

fined under the spherical cap limitation section.

3) Allowable thickness

The minimum and maximum allowable limitation are set forth

in the spherical cap limitation section.
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b. Weight Expressions

For nonoptimum design, i.e., if tC and t, are governed by minimum
gage and/or yielding criteria, the unit weight expression can be
written as follows:

1 1

Vo= Tyt T opeto + K, Ib/e?

and hence the total weight becomes

WT = NWA
where

N represents the practical consideration of design, i.e., ratio
of actual design weight to bare weight (face sheet and core).
This factor is usually about 1.7 average for sandwich type
construction

A = total surface area.

-199-



TABLE I- 27
VALUES FOR PLOT OF 1n P, VERSUS In s

S Py In S In Py

0 0 - -
0.10 0.001689 ~2.30259 -6.43021
0.15 0.005603 -1.89712 -5.18838
0.20 0.013040 ~1.60944 -4,33985
0.25 0.025010 -1.38629 -3.68849
0.30 0.042470 -1.20397 -3.15903
0.35 0.066270 -1.04982 -2.71404
0.40 0.097150 -0.91629 -2.33150
0.45 0.136100 -0.79851 -1.92347
0.50 0.183600 -0.69315 -1.69500
0.55 0.240400 -0.59784 -1.42696
0.60 0.306800 -0.51083 -1.18156
0.65 0.384200 -0.43078 -0.95659
0.70 0.472200 -0.35667 -0.75036
0.75 0.571500 -0,28768 -0.55949
0.80 0.683000 -0.22314 -0.38126
0.85 0.806500 -0.16252 -0.21505
0.90 0.943100 -0.10536 -0,05858
0.95 1.092800 -0.05129 +0.08874
1.00 1.256300 0.00000 +0.22816
2.00 7.736000 +0.69315 +2.04588
3.00 21,133400 +1.09861 +3.05085
4.00 42.047600 +1.38629 +3,73880
5.00 70.62240 +1.60944 +4,25735
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TABLE I-28

EVALUATION OF CURVE FIT FOR P1

S Py Error From Previously Calculated P
(percent)

0.10 0.001859 10

0.20 0.013350 2.4
0.30 0.042560 0.2
0.40 0.096300 0.9
0.50 0.181600 1.1
0.60 0.304700 0.7
0.70 0.472100 0.0
0.80 0.689800 0.9
0.90 0.963800 2.2
1.00 1.300000 3.5
2.00 9.300300 20.4
3.00 29.441800 34.8
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Spherical Cap Membrane

a. Introduction

Governing equations have been developed for the weight expression of
membrane spherical nosecaps. The derivation of these expressions
used snap buckling test data under external pressure for isotropic
(homogeneous) spherical shells presented in reference I-67. A curve
fit was made to the lower bound of these test data; hence conservative
results will be indicated.

Only general instability (snap buckling) and yielding modes of failure
were considered in the derivation, However, the resulting shell
thickness will be subjected to practical minimum gage allowables.

b. Nomenclature

E Young's modulus of elasticity (psi)
H Height of spherical cap (inches)
P Applied uniform pressure (psi)
dcR Classical spherical shell buckling pressure load,
2
2E t
_ <—> (psi)
3(1 - v2) 1/2 R
R Radius of spherical cap (inches)
t Thickness of spherical cap (inches)
A Geometric parameter of spherical cap
1/2
20301 - v 2)11/4 <_H_>
t
v Poisson's Ratio
7oy Compressive yield stress (psi)
p material density (lb/ft3)
Wee Unit weight of spherical cap (lb/ft2)
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c. Derivation of Shell Thickness

Derivation of the shell thickness is based on a series of static tests
on snap buckling of spherical caps under uniform pressure (ref. I-67).
These results are presented in terms of a nondimenisonal geometric
parameter A and a pressure ratio P/qCR where

1/2
A= 20301 —2))1/4 (i)

t

and

P(3(1-211/2 /Rr\2
P/acr = 2E <—t—>

2

2E t cal th
qcRr = ————(—) » classical theory.
[3(1-19]1/2 \R

The results of these tests are illustrated infigure I-29. The relation-
ship developed in that section to enclose the lower bound of tests will
be employed here. This relationship is

1.1

P/qcR = N2

(A)=~
Substituting the expression for A into this relation and equating to the
pressure ratios, results in

o/ 1.1 (t>1/3
IR = 3 - 21172 \H

P[3(1 — v3)11/2 <R>2

2E t

or,

3/7 1/7
t = 1.20 (i) (1 - 1227 (_H_> R, in.
E R

In terms of the general program geometric parameters, the spherical
cap parameters, height H and radius R, are expressed as
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gRN Rg ﬁn@c 2 .
, in.

R o e (1 = 6 0, l - —— |
C Z RC ( cos N) + RC cos Oy S 005 T 9N S

o=
[l

-]
]

RN ) in.

Note that H in the above expression includes the height of the toroidal
section defined by Rg (figure I-28). This results in a conservative
solution for the spherical cap and accounts for the uncertainties in
buckling of spherical-toroidal caps.

d. Limitations

1) Yielding criteria

The shell thickness must satisfy the yielding criteria defined by
the simple membrane theory for spherical shells

PR )
g = — , Ppsi
cY R p
or
PR i
t = imn.
CcY ’
ZOCY

2) Practical considerations

From the standpoint of practical design considerations, the thick-
ness of the shell must be limited to acceptable minimum gage
material or t_ . .
min
e. Weight Expressions

The unit weight expression for the spherical cap can be expressed
simply as

t
Wer = — p , Ib/ft2 .
sc= 17 *
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where

material density (1b/ft3)

©
i

o+
I}

shell thickness (inches),

Hence the total weight then becomes

Wrsc ® Wse  “sc
where
A = total surface area (ftz).
sSC

Conical and Cylindrical Ring-Stiffened Shells

a. Introduction

Analysis is presented herein for the derivation of ring-stiffened conical
and cylindrical shell weight expressions. The derivation considered
three modes of failure:

1) General instability
2) Local instability

21\
Y

Of these, only the first two modes of failure were considered critical.
Experience in the design of ring-stiffened shells indicated that yield-
ing of uniform shells is never a critical condition, and general or local
instability usually governs.

General instability is failure of the shell as a whole, i.e., rings and
skin all fail simultaneously. Local instability is the failure of the

shell between stiffeners. It is assumed in the analysis that optimum
design is when the shell fails simultaneously, in general and local
instability, The analysis is limited to the derivation present in
reference I-72 for elastic stability of orthotropic conical and cylindrical
shells subjected to axisymmetric loading conditions.

In review of trajectory data for Mars and Venus entry capsules, the
effects of high g loads on the capsules must be included in the structural
analysis of a ring-stiffened shell. This effect was neglected in the
sandwich shell analysis since the units are small ; however, in ring-
stiffened shells, the unit weights could become very large in particular
if the shell is used as a thermal heat sink concept. Therefore, an
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equivalent pressure load due to the structure and heat shield unit in-
ertia weights has been incorporated.

Considering the general size and shape of the entry capsule under
investigation, as well as the probable selection of materials in design
application, only a Z-type stiffener was employed in the following
analysis,

b. Nomenclature

AST Cross-sectional area of stiffener (inz)
a Base radius of conical shell (inches)
D Bending rigidity of shell E t3
12(1 - v2)

D, Equivalent bending rigidity 10 E

dg
dg Stiffener spacing (inches)
E Modulus of elasticity (psi)

b, h, H Stiffener geometry parameters

8e Entry deceleration (g)

1 Average effective moment of inertia of stiffener (inches)
1-8/2

k a( ’B/ ) (inches)
[sina]

(1-B+ B2/3+BY2 2y = (1-5) (1 - B

K)
2
2(1-B/2)
L Slant length of cone (inches)
n Stiffener proportionality factor
m Skin effective width factor
F Pressure nondimensional parameter
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PL Total lateral pressure (psi)

S Geometric nondimensional parameter

t Shell skin thickness (inches)

tl’ t3, 1:4 Geometric constants, function of geometric parameter S
a Cone base angle

B (L/3) |cos df

Y Ratio of axial to lateral pressure of conical shell

v Poisson's ratio

o Material density (1b/ft3)

Wgr  Unit weight of shell skin (Ib/in?)
W Unit weight of heat shield (1b/in?)
w Effective width of skin (inches)

c. Derivation of Shell Thickness

I) General insiability

This derivation is based on the general instability requirements
set forth in reference I-72. From reference I-72, the shell
must satisfy the general instability expression

|:3+S ]
+ 1

1+S

P = -
3+s\V2[(3+5\V/4 s
1+S 1+8S +2

wher e
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if

1
, <PL><Lk3/2>[ Bty tyty /4
A=601-v% (—
E/\nt4 12215 ~ v?)
and

if

kA [ segegey | V4
B = 2n

L 12(2¢5 - v2)

Hence, for general instability, the value A and B become con-
stants depending on geometry (figure I-32) and loading.

The parameters Dy/D, bending rigidity ratio, and t, shell
thickness, are then the only unknown values required. The para-
meter Dg relates the bending rigidity of a ring-stiffened shell
to an equivalent isotropic shell or

IgE
Dy = ——
0 dq

where

I, = average effective moment of inertia of the skin and

stiffener in the circumferential direction

dg = stiffener spacing.,
This ratio, Dg/D, becomes equal to unity for nonstiffened
shells.

2) Local instability

For local instability, i.e., stability between stiffeners, the above
set of equations for general instability can be readily employed if

Dg/D = 1.0

-208-




T ]

...... STIFFENER GEOMETRY

Figure 1-32 CONE GEOMETRY

-209-



and

L =4y

Now the values A and B in these expressions become a function of
dg . However, there still remain two unknown values, t shell
thickness, and d, stiffener spacing, and only one equation.
Hence, the solution then depends on some criteria to establish one
of these unknowns. This same situation also exists for general
instability where Dgy /D and t are the unknown values. The
proposed design (computation) approach is to first assume a value
of t, either based on minimum gage (i.e., if it is a cold structure,
since experience has shown that it is close to minimum gage for
optimization) or by the required thermal thickness (i.e., hot
structures no heat shield)., Then solution of dgy and D 4 /D can be
readily obtained subjected to the practical design considerations
and limitations (reference section e¢). Once D, is known, the
stiffener size (H) can be obtained and consequently the weight
expression,

3) Pressure load, Py,

Due to the high g load history experienced on the capsules under
consideration, the weight of the shell becomes a significant effect
in the determination of the shell buckling criteria., Therefore,
the effect of the shell inertia weight must be included in this
lateral pressure load.

Let
P = P, + P, + P
where
Ps = aerodynamic pressur e load
P, = inertia pressure load of shell
ST
PiHS = inertia pressure load of heat shield.
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From the conical shell geometry presented in figureI-32 the
following inertia load system will exist at point i

F = w

sT8e * Wys 8
Wgr=  unit weight of shell (Ib/in?)
= pt
1728

W_..= unit weight of heat shield (Ib/in2)

HS g
e = entry axial deceleration.

Hence,
pt

P. = —

isT T 1728 Be o8¢
PiHS = Wyg 8e COSa .

Note that for hot structures, i.e., no heat shield,

4) Definition of geometric parameters in terms of the general
program parameters

Reference to figure I-32 indicates that only three parameters,
L, a , and a, are necessary to define any type of conical
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section. The following are the typical sections needed to define
any of the capsules under consideration.

a) Conical section

R, Ry Rg Rg
L - lef— ~ —]sinfy - — cos @,
sin ec, R, R, R,

a = 0C—90°.

b) Cylindrical

a = R

[
L = AX
a = 90°

c) Flare fore cone

d) Flare aft cone
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e) Rear conical

a = RC
Rc RA
L = — 1—- —
sin 6, R,
a = 900 - 0A .

d. Stiffener Geometry

Considering the general size of the capsules under consideration and
the types of material probable in design application, a Z-type stiffener
was selected in this study. Figure I-32 represents the geometry of
such a stiffener., From the stiffener geometry, the following geometric
considerations can be established:

A = h(2b+H) +W_t, in°
= total cross-sectional area
_ .2
ASF = h(2b+H), in
= total stiffener area
2 a Wt2/2 + h(2b + H) (H/2 + ©)
y = = , in.
h (2b + H) + Wt
I
y = location of neutral axis
Ix—x = Z A}72+ZIO

w t3 w t3
e 2 (S
= + h(2b+H) (H/2+t)* + 5
3 — 2n)3
\:(b+h)H Ly W
12 12
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I,.x = moment of inertia about x-x.

In the above geometric relation, four parameters, H, b, h, and We
are required to define the stiffener. These parameters must be
reduced to one in order to find a solution. Since in most shell designs,
the stiffener thickness is approximately equal to the skin thickness,
then let

h=t,

Also, Z - type stiffeners can be efficiently designed such that the web
and flange fail under compression at the same time by proper pro-
portioning. Hence, let

b=nH.

Finally, the effective width, W_, may be expressed as a function of
skin thickness t in most practical designs, thus

W =mt .
e

Substituting these relations into the geometric expressions for area
and moments of inertia, the following equations result

AL =tH (2n+ 1) + mt?

Agp =th (2n + 1)

- _ mt3/2+tH(n+1) H/2+1)
Ar

~<

med (o H+ ) H3 B nH H - 21)

2
—x ; + tH@2n+ 1) (H/2+0% + 5 12

Then the average effective moment of inertia becomes

I_ 6 = Ix -A )—7-2 .
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The

Limitations

1)  Yielding criteria

Experience has shown that yielding of this skin is almost never

a critical criteria in the design of a ring-stiffened shell. Hence,
it is felt that addition of the yielding criteria to the program would
not significantly contribute to a realistic weight expression.

2) Stiffener spacing

The general instability criteria set forth in reference I-72 is
limited to equally spaced stiffeners, Thus the ratio of cone
length, 1., to stiffener space, dO » must always equal a whole
number in the program or

L
dg

]

N, whole number (i.e., equal spacing).

3) Practical considerations

Due to practical manufacturing limitations of stiffener spacing,

the program must be limited to a minimum spacing de . , in
min

the design approach. This spacing will depend on the type of
stiffener and the relative size of both the stiffener and shell.
The program must also be limited to practical minimum shell
thickness, tnins from the standpoint of manufacturing and avail-
ability,

Weight Expression

unit weight of shell skin can be simply expressed as

t
Wer = p —— , /82
ST = P 2

and consequently, the total weight of the skin becomes

Vst = Vst Ag » 1b

where AS= total surface area, ftz.
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The total stiffener weight may be expressed as

i=L/D0 +1

i=1

where
Ri = radius of (i)th stiffener
ASF= cross-sectional area of stiffener (inz).

From the geometry presented in figure I-32 the following relation

can be developed for the ith radius, R; :

Ry=a-(i-1)d, sin(90° -a).
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Hence,

i= (L/d9+ 1)
Vs = 27p Agp E la~ (i = 1) dg sin (90° = )]

i=1

| for a < 90°
Ve = 27p Agp (L/de + 1 a

| for a 2900.
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Internal Structure

a. Introduction

The internal structure has been idealized as a conical section and
cylindrical section as illustrated in figureI-33. The conical section
(or cone as used in derivation) supports the parachute system package
and reacts the snatch loads at parachute deployment. The cylindrical
section (hereafter cylinder) provides the packaging volume for the
residual weight. This idealized selection of the internal structure was
developed to show a realistic weight allocation for the internal structure
which would be a function of loads and forces imposed on the capsule
during its performance. This configuration does not indicate an actual
design concept since in actual design the internal structure would be
dictated by the residual weight components and layouts.

The following derivations employ simple buckling theory for cylinders
and tensile yield criteria for the cone. These derivations result in
equations for the section thickness and, consequently, the total weight
expressions.

b. Nomenclature
C Practical consideration factor for ring, brackets, etc.
E Modulus of elasticity (psi)
gx Entry or impact g level (earth g)
HR Internal cylinder geometry proportionality factor
PD Maximum parachute snatch load (pounds)
Rp Radius of internal cylinder (feet)
tcone Thickness of internal cone (inches)
teyl Thickness of internal cylinder (inches)

WRgrs Residual weight (pounds)
WINT Weight of internal package, WingTRr ¥ Wou + WRrEs (pounds)
WiNnsTR Weight of internal structure (pounds)

WCU Weight of crushable material (pounds)
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Peyl Density of internal cylinder material (1b/ft3)

Density of internal cone material (l1b/ft3)

pcone
Oty Tensile yield Stress (psi)
v Poisson's ratio.

c. Derivation of Cone Thickness

The cone is of constant cross-sectional area and is assumed to react
the drogue maximum snatch load in tension. As shown in figure 1-33
the cone is cut off at a 3-inch radius to allow for parachute attachment
fittings. The cone angle is also arbitrarily fixed at 60 degrees so that
a solution could be developed based on only the cylinder radius, RP .

Since the cone is assumed as a constant area, and the stress level is
allowed to reach tensile yield, then

where

PD = drogue maximum snatch load (pounds)

A = ZnRP teone
Hence
PD
t I —— in
cone ’ .
2”RP‘7ty

This thickness must be limited by practical consideration to minimum

gage, tmin'

Referring to figure I-33, let the residual weight, WRrEs' be packaged
in the cylinder of radius Rp and height (HR)Rp, then
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3
YREs = (Rp)” (HR) pppg

where

PRES = density of residual weight (lb/ft3).

and hence the cylinder radius becomes

1/3
VRES

| "R pgg

d. Derivation of Cylinder Thickness
To develop a conservative approach to the cylinder weight expression,
the entire internal package inertia weight load is assumed reacted at

the end of the cylinder. The cylinder is then analyzed for a buckling
mode of failure. From reference 1-73 the critical buckling stress is

2
K n2E tcyl> .
OCR = N pSl.
12 (1 = v2) L

For short and/or transition cylinders, the constant K is approximately
equal to 4. If the analysis is limnited to metal matcrial, v becomes
equal to 0.3. Hence the critical buckling stress is therefore

2
Ecyl eyl .
9er = 3.62 , psi.
R (HR)2  \l12Rp

Now if the critical buckling stress is equated to the applied inertia stress,

Finertia 8x WINT
g = —— = , psi.
Acyl 27 (12 Rp) tcyl

Then

: 1/3
8x VINT (12Rp) (HR)?

eyl (27) 3.62 E
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or

1/3
g iyt (HR)? 12Rp
t = 0.35 . in,
Cyl >
Ecyl
where
8x

= maximum entry or impact g deceleration, earth g

WINT

total internal package weight

Wrest Weu * W INSTR®

For mostcapsules under investigation (in particular Mars capsules),
HR in the above equation is unity; thus the cylinder thickness becomes

1/3
gx ¥inT (12 Rp)

, in.
Ecyl

This thickness is subjected by practical limitation to minimum gage,
tmin

e. Weight Expressions

The weight of the cone becomes simply the density times the volume, or

w = t A
cone Pcon
one ~cone Scone

cone = Pcone cone RB (2 m)(1.731) (12) (12)

Veone = Peone fcone R (27)(20.77) (12), Ib.
where
Pcone = density of cone material (Ib/ft3)
Similarly, the weight of the cylinder becomes
chl = Pcyl eyl AScyl
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or

2
Veyl = Peyl teyl (27) (144) RS (HR)

where

Peyl = density of cylinder material (lb/ft3) .

The total weight of the internal structure WINSTR: becomes the sum of
the cone weight and cylinder weight plus a factor to account for rings,
stiffeners, brackets, etc.
Thus,

WINsSTR = C(WcoNE + Weyp)

where

C = factor for practical design considerations, an average of 1.5
for most monocoque structures.

Retardation (Parachute) System

a. Introduction

The parachute system considered consists of a drogue parachute,

nsually deployed supersonically, and a main parachute of larger area
and of lighter construction deployed subsonically. Sizing of the main
parachute systems considered that the external heat shield and structure
was jettisoned at drogue chute deployment.

The relative sizing of the two chutes has been done in terms of their
respective canopy and line weights. For the main chute systems, all
of the chute weight is considered to be in the canopy and lines. The
drogue chute canopy and lines are considered to be only a part of the
chute system weight. The remaining weight in the drogue chute system
is made up of ejection gas generator-mortar, fitting, etc.

Selecting of parachute material and material densities included the
effects of sterilization and aerodynamic heating degradation on the
strength properties. Hence, different properties were employed for

Ye = -90 - degree and y, = -20 - degree trajectories to fully evaluate
the effects of entry conditions on elemental weights.
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b. Derivation of Parachute Size and Weight

For a given equilibrium descent velocity at Mars sea level, the main
parachute may be sized by equating the drag force to the Martian sus-
pended weight of capsule and the parachute. Since the entry capsule
heat shield and external structure as well as the drogue chute has been
assumed jettisoned at this time, the suspended capsule weight becomes

Wsuspended =Wg - WHS - Wgr - Wpgsy
where

Wge total entry weight (pounds)

Wps = heat shield weight (pounds)
Wgp = external structure weight (pounds)

total drogue chute system weight (pounds)

Wpsy

Now equating the Martian weight to the aerodynamic drag force at
equilibrium descent velocity (i.e., sea level) and neglecting the capsule
drag, we get

8sL. 1 2

;; (Vg = Wus = Vst = W¥psy) = = rsL VsL Amc (1)
where

gg, = Mars sea level gravitational constant

By = earth gravitational constant

= 32.17 ft/sec?
Py = Mars sea level atmospheric density (slug/ft3)
Cpm = Drag coefficient of main chute (ftz)

Apc = area of main chute (ftz)
Vg1, = main chute terminal velocity (ft/sec),

However, from the weight consideration

Wnme = Wma Amc
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or

uC (2)
¥MA

AMC =
where

WMC = total weight of main chute (pounds)

WA = unit weight of main chute (1b/ft2),

Considering the drogue chute, we may say in a similar manner

that
Wpsy * Wejection PaCka ge = Ky Wyic = Apg Wpa
mortar ittings
or
A K1 ¥mc 3)
DC =
VDA
where

- 2
Apc = area of drogue chute (ft%)

Wpa = unit weight of drogue (Ib/£t%)

H!X'
i

weight of drogue canopy and lines
weight of main canopy and lines

If

K2 = weight of drogue total chute system
weight of drogue canopy and lines

or
VDsy

K) Vmc
then

Yosy = K; K Wye . (4)
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Substituting equations (2) and (3) into equation (1) and solving for WMC
we obtain

2gg], YMa
32.17

(Vg = Wys = ¥g1)
vé C
PSLL VS  “DM

w =
MC
. [21(1 9 gSL-] YMA

32.17 J

2
psL VL. Cpm

c. Derivation of Drogue Maximum Load

The maximum drogue chute load (i.e., snatch load at opening) can be
obtained from the aerodynamic drag equation

PD = FpCppApcdDp (6)
where

Fp =dynamic load factor

Cpp = drag coefficient of drogue chute

Apc = area of drogue chute (ftz)

qp = dynamic pressure on drogue chute (lb/ftz)

This load is required for structural sizing of the internal cone structure
supporting the parachute system.

d. Material Selection

The following data are applicable to ring sail-type main parachute
systems:

Q¥ hax Maximum
Cpm WM}E allowalz)le Material Deployment
(Ib/fte) | (1b/{t%) Mach No.
0.70 | 0.013 6to8 |0.6 oz/yd? 0.8
Nylon
0.75 | 0.0186| 20 to 25 |1.1 oz/yd? 0.8
Nylon
*Unsterilized
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A study of trajectory information indicates that at Mach 0. 8 the dynamic
pressure will not exceed 2.5 1b/ft? (i.e., for capsules of M/Cp A <0.2)
in any atmosphere studies for y, = -20 degrees. Allowing for a ma-
terial strength reduction of 40 to 50 percent, with a corresponding
decrease in q, ., allowable, we see that the 0.6 oz/yd2 nylon material
is acceptable for the Ye = -20 -degree trajectories. However, for the

Ye = -90 -degree trajectories qu,x was about 6 to 7 1b/ft? and there-
for sterilized 1.1 oz/ydz nylon must be used on these trajectories.

Due to the higher Mach number opening of the drogue parachute (i.e.,
Mach 2.5 versus 0.8 for this main), higher temperatures will be felt
by the canopy and line materials. HT -1 (Dupont NOMEX) material has
been selected for the drogue chute as compared to nylon for the main
chute. As a consequence, the unit weight of the chute material will be
higher. However, a much smaller material strength degradation will
be encountered after heat sterilization.

For Hemisflo-type drogue chutes, the following data apply;

" L | Actual 3N Allowable(®)
Cpp kD( ) 9max 9max Ye Material
(Ib/£t2) lat M =2.5|atM = 2.5 (degrees)
0.34 0.1104 50 - 65 80 -90 HT -1
0. 34 0.0276 9 -14 20 =20 HT -1
Notes:

(1) Mean value, based on constructed area
(2) Only includes canopy and lines

(3) Based on trajectory data

(4) Reduction to allow for sterilization.

e. Drogue Ejection System Weight

Since the drogue chute must be ejected, an inertia weight-gas generator-
driven mortar system was considered in the program. The packaging
weight for the drogue system (i.e., canopy, lines, fitting, etc.) usually
accounts for about 30 percent weight increase over the weight of just

the canopy and lines. The drogue mortar structure, gas generator,
pressure sealing sabot, and associated hardware has accounted for an
additional 50 percent on several small drogue systems investigated.
Hence a typical value of K, will be 1. 8,
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Impact Attenuation System

a. Introduction

The idealized model as presented in figure 1-34 for the impact at-
tenuation system was selected to simplify the impact design approach
and to meet the requirement that the capsule must be designed to im-
pact up to 45 degrees from the vertical with a passive system. Hence,
the most desirable design approach would be a spherical segment using
crushable material attenuator.

Derivation of the weight expression is based upon the assumption that
all the crushable material is crushed under the designed g load. This
results in the highest loads imposed upon the payload and hence a con-
servative approach. Only known test data of available crushable
materials are considered in the determination of material density.

b. Nomenclature
A area in2
G acceleration earth g
Rp radius feet
V  velocity ft/ sec
m mass slugs (lb-secz/ft)
s c.rushing stress 1b/in, 2
t thickness inches
w  weight pounds
a empirical constant ---
B empirical constant ---
y  density 1b/ft3
€ usable strain -—-
Subscripts

cu crushable material

INT payload (internal structure + residual weight + crushable
material)
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Figure 1-34 IMPACT ATTENUATION SYSTEM--IDEALIZED MODEL
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c. Derivation of Crushing Stress

The crushing stress, s, of the crushable material used is computed
based on the following considerations. The highest loads will be trans-
mitted to the payload if all of the crushable material is being crushed.
This could conceivably occur in the event of impact into fairly soft sand,
for example. In this event,

F = s (nRg)

From Newton's Law,

F

1]

VInT G

thus,

VINT G (7)

2
nRP (144)

d. Derivation of Density of Crushable Material

The density of the crushable material is computed from empirical
formulas which have been derived to fit known data. It was decided to
attempt the curve fitting with formulas of the type

s B

a

(8)

The results can be seen on figure 1-35. The solid lines represent the
known data and the dotted lines are the best fits using the above equation.
For the three materials shown, the empirical constants are tabulated
below. Included in this table are values of ¢, the usable strain of the
materials. This quantity is used in subsequent discussions.

For y in 1b/£t3 and s in psi
Material a B €
Al honeycomb 4.15 0. 554 0.75
Plastic foams 4.6 0.662 0.5
Balsa wood 65, 000 1. 81 0.75
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e. Derivation of Crushing Thickness

The thickness of material required is computed by analyzing the dynam-~
ics of impact. Thus, using figure I-36.

d2y
F=5-A(y)=m | —
de?

From geometry,

2
A = = |:2RC% _<%>]

Since

t
R_ ’ (9)

For the particular geometry shown in figure I-34, employing the assump-
tion that impact must be designed up to 45 degrees from the vertical, it
is apparent that
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Figure 1-36 CRUSHING THICKNESS MODEL
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Now, equation (9) may be rewritten as

ViNT .
S v rawr it (10)
P
f. Weight Expression
Recalling again figure [-34, it follows that

6 = 63.4°

Hence, the total surface area becomes

A=2nrR_h = 27 RZ (1=-cosf)

or

A = 43416 (Rp)? 144

The weight of crushable material is simply the density times the
volume or

WCU = At y

-3 52
= 2.51 x 10 R t (144) .
P (11)

9. Evaluation

A method has been presented for the purpose of parametrically evaluating
a structural weight for entry capsules into the atmospheres of Mars and
Venus. The major contribution of the structural analysis pertinent to the
input for systems considerations is to develop structural weights depicting
the relative merits of various shapes, sizes, materials, and types of con-
struction. The constraints developed for this study are very general and
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consist of such considerations as methods of fabrication, limitations of
manufacturing techniques, and material requirements. The critical environ-
ment under investigation in this phase of the study would be the planetary
entry environment; the trajectory analysis has to be generated to establish
the loading conditions on the vehicle.

The analyses employed in this investigation are defined by general types of
failure modes. This type of failure is described by general structural con-
siderations and does not require a detailed design for analysis. The modes
of failure under consideration are membrane stresses in a shell structure
and shell buckling due to general instability. In this investigation, the pri-
mary structural problems are restricted to stresses in shells of revolution
subjected to axisymmetric loading due to aerodynamic pressure distributions.

There are several areas of uncertainties in the analysis, and in general
sandwich shell theory, that must be noted. Among the pertinent ones are:

a. Inadequate general instability test data to substantiate sandwich
shell theory

b. Inadequate definition of core crushing phenomena and test data

substantiation

c. General instability test data for complete shell of combined sections
d. Inadequate data on practical consideration factor for large sandwich
chells.

Only through a large-scale test program will these facts be fully understood.

The equations used to describe the effects of the load on the structures under
consideration are derived from classical theory and are comprehensive.
However, due to the nature of the program, it is necessary to account for
additional structural weight by use of an experience factor, or practical
considerations.

The practical considerations involved in evaluating a realistic weight for the
external and internal structure are based primarily on an experience factor
of work in the field of reentry systems. The equations used to solve for
structural sizes and the corresponding structural weight of the external
sandwich and internal structures do not account for the usual problems
which arise in practice. These problems encompass such areas as providing
local structural members for detail consideration of load distribution, dis-
continuity stresses, and unsymmetrical effects.
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Because this study effort could not include such a detailed structural design,
practical design consideration factors were employed.

The external structure, being of sandwich type construction, must be pro-
vided with special types of fittings for joining parts together and supporting
componentry. Based on experience derived here, the following relationships
have been established as a guide.

The factor, accounting for practical considerations, to be used in multiplying
the analytical weight expression is variable in accordance to physical char-
acteristics of a particular type of structure. These factors and the type of
structure of which they apply are presented here. ’

w
TOTAL =1.20 A structure with no cutouts, but with provisions
Wskin, core, bond of assembly to adjoining structures.
WroraL
W = 2.20 A structure with a number of large cutouts,

skin, core, bond sharp bends, and with provisions of assembly
to adjoining structures.

-WTOTAL
w

i
—
3

An average of the above factors.
skin, core, bond

For ring-stiffened type construction, a summary of entry vekicle designs
indicated that the above ratio, total gross weight of structure to only skin
weight, covered a range from 1.5 to 1. 85 depending on the vehicle under
consideration. The average of these values again turns out to be 1.7.
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HEAT SHIELD BLOCK

1. Introduction

A vehicle entering the atmospheres of Mars and Venus will encounter
radiative heating from the shock wave gas cap and convective heating from
the boundary layer of considerable magnitude. Of primary importance,
therefore, is the design of the thermal protection system. From a thermo-
dynamic point of view, this involves determining the thermal protection
system weight required to limit the inner structure of the vehicle to some
prescribed temperature.

The mathematical model employed in the heat shield calculation must
account for the differences in material response to laminar, turbulent and/
or radiative heating. Further, it has been found that the thermal response
of materials is a function of the -levels of the convective and radiative heat-
ing, their relative proportions and the enthalpy and pressure of the gas.

The materials chosen for both Mars and Venus are charring ablators and
hence a detailed analysis involves the thermal degradation, char and char
loss of the material. The amount of combustion, due to the varying atmo-
spheric composition, and the absorption of the thermal pulse in depth are
also aspects which must be included in a detailed analysis.

The approach used herein, was to modify an approximate computational
scheme for which considerable experience in its use and applicability exists.
The development of the original method is given in reference I-82. This
calculation had to be modified to handle radiative heaiing and large cffccts
of structural capacitance. The calculation model is based on a non-
charring model treating radiation heating as a surface phenomenon. The
effects of these assumptions were then evaluated by comparison with de-
tailed numerical calculations simulating the material response in detail.
By use of the approximate method, large savings in computer time and
program complexity were achieved, in calculating the large number of
cases required for this parametric study.

2. Calculation Model

a. Symbols
CP Specific heat of heat shield; Btu/lb
£ Vaporizat'ion fraction
H Heat of vaporization

Hg /RT, Dimensionless stagnation enthalpy
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H Stagnation enthalpy of atmosphere

8
h,, Enthalpy at wall temperature
k Thermal conductivity of heat shield: Btu/hr-ft-°F
9c Convective heat rate, Btu/ft2-sec.
9r Radiative heat rate, Btu/ft2-sec.
Q. Total convective heating, Btu/ft%
Qr Total radiative heating, Btu/ft?

s Linear ablation rate, ft/sec.

t Time, seconds

T Temperature, °F

v Total ablative weight, lbs/ft2

W Ablation rate, lbs/sec.

W, . Total insulation weight, lbs/ft?

P Density of heat shield, lbs/ft
a Absorptivity of surface material
€ Emissivity of heat shield material

b. Radiation Shield and Structure

The physical model of the thermal system is shown in figure 1-37.
The boundary layer is assumed to be transparent and the shield sur-~
face opaque to the gas cap radiation, such that all the energy from
the gas cap strikes the surface of the radiation shield. The radiation
shield is assumed to be a homogeneous material with constant thermo-
physical properties. These properties are assumed to be typical for
a self insulating radiation shield (i. e., low thermal conductivity and
high surface emissivity) so that the primary means of thermal pro-
tection is by surface reradiation at the wall temperature. The pro-
blem is solved in two parts. First, the radiation shield requirement
without a supporting structure is obtained. Secondly, the thermal
protection system requirements are obtained accounting for the sup-

porting structure, employing some of the parameters developed in the
previous analysis.
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A typical thermal environment is shown in figures I-38 and 39. Itis
assumed that a thermal protection system is required for an entry al-
titude of 800, 000 until the vehicle impacts. The relative magnitude of
the radiative and convective pulses will vary depending on entry condi-

tions, planetary atmospheres, and vehicle design. For this type of
reentry environment, the actual problem which involves variable sur-

face temperature is simulated by an equivalent problem. The equiva-
lent problem relates to a slab with a constant surface temperature
history, but produces the same transient backface temperature history
as the real problem. The analytical solution to the equivalent problem,
is known, and may be used to avoid numerical calculations. To use
this solution, a series of assumptions are made which relate the condi-
tions of the real environment to those satisfying the equivalent problem,

As shown in figure I-37, the surface of the shield is located at x = s
and the rear at x = R. Initially, the structure is ignored. The sur-
face, x =5, is exposed to a transient cold wall convective heat rate,
9 (t}), and a transient radiative heat rate, gqRr (t). The rear of the
shield, x = R, is assumed to be insulated, The hot-wall convective
pulse must be obtained by multiplying the cold-wall pulse by the en-
thalpy difference across the thermal boundary layer. The enthalpy
of the atmosphere at stagnation and wall temperatures are H;, and hy,
respectively, H, is given as some function of time, and a functienal
relationship between hw and the surface temperature, T4, is given,
Since the radiative pulse is assumed to strike the shield undisturbed
and the shield is assumed to be opaque, qg is only multiplied by the
absorptivity (a) of the surface material. The thermophysical properties,
K, p, Cp, €, and a are assumed constant, The term t¢ is the duration
of the flight time, where t is selected as zero at entry,
The heat shield is assumed to be at some prescribed temperature,
Ty, at t = 0, It is then required to find the radiation shield weight
required to ensure that the backface temperature (x = R) just reaches
some specified design temperature limit, Ty, during flight, Mathe-
matically, the problem is to solve the following equation:

aT K T

- . = (1)
dt pCP axz

subject to the following initial and boundary conditions.

At t =0:
T(x,0 = T, (2)
At x = s
H -h
g W oT
qc[ . :l+ aqR—ae(TS+460)4=—< ;}-—) (3)
g X/ x=s
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Atx =R

<j—:) =0 . (4)
x=R

To do this, g. and q; are replaced by equivalent heat rates q¢ and qI-'l
which start at an initial time, t;, defined as

t t
qmax qmax
2 l qc dt + 2a f qg dt

0 0

t. = ¢6 -_
! 9(max)

(5)

qmax

In Equation (5), dmax 18 the maximum value that the sum of qc and

ac]R can achieve over the trajectory and t corresponds to the
q max)

time when this occurs. A condition placed on the transformation of

Q. and qg to q. and qp is that the total heats Q. and Qare the same

for both pulses, i.e.,

't 't
QC=/ Qédt=f qe de

ti 0
't '
aQp=a [ ql'{dt =a I qp de (6)
ti 0
The variable enthalpy, Hg is replaced by its time average, H!,
'
H’ ! H_d (7)
= — t .
8 tf - ti 8

The sum of the equivalent heat rates q.' and qR are then chosen such
that the rate of heat conduction into the bar is A ?
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h
w ’

q; l}—?jl+aqk—ae(Ts+460)4 = q, . (8)
8

qy is then the heat rate that would produce a constant surface tempera-
ture history, T's. As a consequence, the hot wall and emissivity
corrections are independent of time, and the problem is linearized.

The problem is now one of finding the temperature response in a finite
bar, one end of which is held at a constant temperature, the other end
of which is insulated. The solution to this problem is given by Carslaw
and Jaeger (ref. 1-76):

oo

K .
(2n+1)2772.__t(
Ptp

AT(x,t) . 4 (=1)? c . (2n+ Da(R-x) ©)
—_— = - - ex - cos —— .
AT, - §: 2n+1) Pl resy? g 2(R-s)

n=0

Integrating equation (8) over the time interval from t; to t,, where
t r is the time at which the backface reaches its design limit tempera-
ture, TR’ the total heat conducted into the material is found to be;

(10)

h
w .
Q, ,}— ;:|+aQR—ea(TS+460)4 (t, = ;) = WCp ATy
8

In equation (1) Q. and a Qg are given by equation (6). The corrections

1
<1 - '}I%I\_”'T> and €0 (TS + 460)4 are constants which are functions only of

surface temperature, TS'. On the right side of equation (10), W is the
weight of the shield required to limit the backface temperature rise to
the specified limit, ATR, over the interval (t. - tj), and ATy is the
average temperature rise in the bar where these conditions are met,
Kpt .
Cp.Wz exists and there is a tem-
perature distribution in the bar given by equation (9) from which ATM
could be calculated if t, and TJ were known.

At this instant, some unique value of

Consider, first, the case where the rear face reaches a maximum tem-
perature (just equal to the design limit) at some time t r < t; and sub-
sequently falls below this value. In order for this to happen when using
equation (9), the entire bar must have equilibriated at a uniform temperature
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TR at time tg. Hence, at this instant T, = Tp. Furthermore, from
equation (9) the condition corresponds very nearly to a value of unity

P Kpt
or c, W2
Thus,
pK _—
VN Ve (11)
p

substituting equation (11) into equation (10) and solving for

he
pKC ATZ + deo (T »+460)4[Q 1—l+aQ] e
P M S C H’ R ATI‘d\/pKCP

g

t, —t; = : : -

r i —_
2eo (T -+ 460)4 2¢0 (Tg+ 460)4

Hence, the required weight W can be obtained from substituting
equation (11) into equation (12).

Consider next the case where the design limit temperature is reached
precisely at the instant t, and the bar subsequently reaches a larger
equilibrium value at time t; > t;. This case is the more probable of
the two conditions, since the average surface temperature experienced
during entry is much larger than the allowable backface temperature
rise, Tg >> TR‘ To solve tor this condition by hand calculation or
machine calculation an iteration procedure is required, since there are
essentially two unknowns in equation (10) viz., T  and W. Consequently,
some choice must be made for a value of Ty to start the iteration. The
following procedure involves the selection of different values to Tg
until a solution of equation (10) is obtained.

Since the primary means of protection is through surface radiation,
assume for the first approximation, T, that h“}/Hg' and WCPATM are

both zero. Solution of equation (10) for T} then gives the maximum
possible value for T's,

(13)
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AT

knowing Tg, and Tr the ratio ~ can be formed. To facilitate the

s AT
iteration procedure, equation (9) was solved for the value of }};

-_— i i i _ —~d < < R.
also, AT, was obtained by integration of Ax | AT s where s< x < R
These results are presented as a function of Kptz in figure 1-40. For

CpW
abbreviation let:

Kp (tf_ tl)

ez 7 . (14)

CP w
Then,

Kp (t;—t;)
WV - — . (15)
C_ 7
P

Equation (15) gives the maximum possible value for W. Using Tg and
the functional relation between h and Tg, a hot wall correction may
may now be applied to Q_: Q. (1 - hv:;/ng) This represents the minimum
possible hot wall input. Using this input and the first approximations W'
and ATy, a second approximation for Ty may be found from equation (10):

b
w
Q. [1--1?—} aQ - (T + 460)% (¢ - 1)) = W' C, AT (16)
8

Solving for Tg:

h
w , ’

4 Qc I—H; + a Qp-W CPA'I‘M (17)

T = — 460

fa(tf—ti)

Equation (17) gives a minimum value for Ts The procedure is repeated
by forming the new ratio A TR/AT, entering figure I-40 and finding the

Kp (tf-ti)
new value of 7" = — to be solved for W' and also the new value of
ATy v
AT to be used with 7 in solving for W* . The process is repeated

S
until a suitable convergence is obtained usually by the third iteration.
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The final weight found is designated as wN,

¢. Ablation System

The ablation system as shown in figure I- 4l is composed of a single

heat shield material, satisfying both insulation and ablation require-
ments. The term ablation here, may be described as the surface re-
cession of a material due to the absorption of heat through a phase or
degradation reaction. Again, the boundary layer is assumed to be trans-
parent and the shield surface opaque to the gas cap radiation. Itis
further assumed that this remains unchanged with the injection of ab-
lation products into the boundary layer; thus all the energy from the

gas cap will still strike the ablating surface.

The approximate procedure of an ablation system is divided in two
sections, namely, the ablation weight and insulation weight.

1) Ablation weight

Using the same heat input and air enthalpy as illustrated in figures
I-38 and 39. it is assumed that when the heat rate reaches some
value at time t;; the material begins to ablate with a constant sur-
face temperature Tp. An instantaneous heat balance at the surface
of the material is then

1hw T, + 460)4 oT W, (q- C AT (18)
q. -H—g +aqR-ea( At Y= 5; X=S+ NCE b A) -

where q¢* is the effective heat of ablation.
At any instant tj; just prior to the onset of ablation (and just sub-
sequent to its termination, t¢,), Wa = 0. An estimate of t;; and

. aT .
t;, can be made by setting (K = =o. For such conditions,
X X =S

ti; and te, may be found from the'given q., q; and Hg versus
time relationships at those points where:

h
9 [l-— —wj|+ aqp = €o ('I'A+460)4 . (19)
8

As t;, approaches t,(max) the maximum surface temperature will
just reach the ablation temperature and then decrease. Under these
conditions, equation (19) may be improved by deriving another ex-
pression which accounts for the amount of heat conducted into the
solid. The expression may then by used to determine what level

of cold wall and radiative heat flux is needed to cause ablation or
what is the limiting total heat flux that a radiation shield can with-
stand without exceeding some prescribed design limiting surface
temperature.
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For a radiation shield it can be assumed that the effective heat
flux and surface temperature reach their maximum values simul-
taneous with the maximum total heat rate. At peak heating, the
instantaneous heat balance at the surface with no ablation is:

hg aT
9c 1- E‘* +aqg ={-K 5-;
& max

The maximum effective heat flux may be approximated by assuming
the shape of the effective heat flux history is sinusoidal of the form

) +€or(TA+460)4 . (20)
=5 Imax

K aT 2 Tt
“K -l L T Geff(max Sin 2——_[tq - (21)
m

ax

where tq (max) and t; are def ined in equation (5)

Solving the one-dimensional heat conduction equation with equation
(21)as aboundary condition and assuming the slab is essentially
semi-infinite gives the following relationship between the surface
temperature, T, at peak heating and the maximum effective flux
(ref 1-79).

< T
~K —
ax

Putting (22) into (20) results in a relationship between the maximum
surface temperature and maximum total heat flux,

AT, (22)

Then, if

KpCP

2(t; -t)
9max !

AT, + oe (T, +460)%. (23)

ablation will occur. T, is the ablation temperature.

The steady state mass ablation rate (V'Ja) can be found from the
following:
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h
hl 4
9 l:l— Eg—:|+ aqp-€o (TA+46O)
w, = (24)
CP(TA-T0)+Xf1[Hv1+n1(Hg-hw)]+(1-X)f2[Hv2+n2(Hg-hw)J

at any instant of time between Tiy andtfa. In equation (24) the
subscripts refer to the solid (1) and resin (2), X refers to the solid
fraction, f to the vaporization fraction, 7 to the transpiration co-
efficient, and H, to heat absorbed by a phase change or reaction.
Since the boundary layer and ablation products are assumed trans-
parent to the gas cap radiation, only convective heating is blocked
by transpiration. Therefore, equation (24) is unrealistic for large
ablation rates since mathematically more energy can be blocked
than is convected to the surface. Modifying the equation for the
situation when this might occur yields:

. aqR—eo(TA+460)4
. - (25)
CP(TA—TO)+ Xf]. HV1+(1—X) fz HV2

The total ablation weight loss is then:

where v'va at any time is the larger value found from equation (24)
and (25).

2) Insulation weight

The heat stored in the material just at the instant the ablation
ceases is QK’

% = Vins Cp ATM (26)
In equation (26), W;,g is the 'insulation weight, " i, e., the weight

of the required heat shield after the ablation mass loss, and A ™M
is the mean temperature rise of this weight at the end of ablation.
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It is assumed that an exponential temperature distribution corres-
ponding to average steady-state ablation rate exists in W, _ at
time tg;. This temperature distribution is given mathematically
as

AT (x, tg,) = AT, e~ 3%/a (27)

where s is the ablation rate.

For this distribution, the following expression can be obtained for

. KATS
% = ¢C, AT = — . (28)

In this expression, s is taken to be the average value in the ablation
period:
w
A
(29)

§ =

p (tfa - tia)

The mean temperature corresponding to a semi-infinite bar is ob-
tained from the constant wall temperature chart, figure I-40, for
Kpt

w2
CP

= 0.05. Integration of this curve yields:
1
ATy = i AT . (30

Combining equations (26) through (30), the required insulation
weight is found to be the following:

4(,~1,) [pPK
Vips = ———= <C> : (31)

Wa P

The insulation weight given by equation (31) is that corresponding
to a barely noticeable backface temperature rise at the instant tfa.
The sum (W + Wi, 4) is not the total weight of shield required,
since the heating from the end of ablation to impact has not been
accounted for. The problem is to find the amount of insulation re-
quired such that the backface temperature rise does not exceed a
given design value. During the post-ablation period, the problemis
simply that of a radiation shield which starts (at time tg;) with an
initial temperature distribution. To use the procedure described
for the radiation system, it is necessary to transform the time
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scale such that the problem starts at some "adjusted" time, tadjs
and runs thenceforth with some constant surface temperature,

K pt

& -o0.05
CPW2
exists at t¢, and a backface temperature rise of ATR is achieved.

such that a temperature distribution corresponding to

. K
Using a value of Pt

= 0. 05 and solving for t, the time required
W

to establish the distribution corresponding to this value is found

to be:

P 005 . (32)
(PK/CP) mns

Using equation (31) for Wings the following expression is obtained.

4 pK Yfa = tia
t = — — _— . (33)

Relating this to the time scale used in the problem, the "adjusted"

time, tadj is found to be the following:

te. - t; 2
4 f[pK fa 1a (34)
tgi =Yg - — [— ———— .
adj a 5 CP Wa

Note that a condition is placed on tadj» namely that t,4; >t, where
ty is defined by equation (5). The total heat applied to the bar dur-
ing the adjusted heating period is the following.

' ‘fa
hg 4
QL = qc dt - G |- |- €9 (Tq +460)% b de (35)
8
t

adj tadj

tf
Qg = / qpdt (36)
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The first term on the right side of equation (35) is the integrated
convective heating applied to the bar between tf and tadj and the
second term represents the heat absorbed during ablation between
t ¢, and tadj had there been only convective heating. A similar
term is neglected in equation (36).

The additional weight of material, wN, required to achieve the
design limit temperature rise, A TR, at the backface at impact is
calculated by the same procedure described for radiation shields.
However, Q¢' and QR', as described in equations (35) and (36),
are used in place of Q. and QRrrespectively, and tagj in place of
t] in equation (13) through (17). The total weight of shield re-
quired W is then the sum: Wp =W, + wN,

d. Inclusion of Heat Sink Effects of Structure

The analytical solution for the rear temperature response in a finite
slab backed by a capacitive structure, whose surface is at a constant
surface temperature and whose backface is insulated, is given by
Carslaw and Jaeger. The solution is:

Klpl Bnto
_\c. w? 3600
AT(R,t) 2“33 + @D e \P] sin B,
—— 1_'
37
AT, B, B+ 42 + ) (37)

where B n's are the eigenvalues of the transcedental equation

¥2Gp,

In the above equation, the subscript (1) refers to the heat shield and
the subscript (2) to the structure.

If the surface temperature history is assumed unchanged by the struc-
ture, the temperature ratio, ATR/A T_, remains the same. Therefore,
the temperature ratio found from figure 1-40, satisfying equation (10),
can be employed in equation (37) to find Wy, the required heat shield
weight accounting for structure, Equation (37) is represented graphically
in figure I-42, A TR/ATS is plotted versus the

Kp(tp~t;).
dimensionless time parameter, 7 = ————, for various ratios of

2
CP L
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It is seen that the solution of equation (37) for W, is an
iterative procedure, as W, appears in both ¢ and r.

An alternate method for determining the heat sink effects of the structure
can also be employed. The system being considered is shown in figure
I-37, The problem is to find the weight W; of radiative shield required
to guard a given structure whose weight wz and properties are known,
so that the structure will be limited to a specified temperature rise

ATy at the instant of impact,

Three assumptions are made in order to perform this calculation.

1) The structure is a pure capacitance,

2) The total amount of thermal energy stored in the shield (Q)) and
structure (Q,) is the same as that stored in a single radiative shield
QM des1gned for the same backface temperature limit,

3) The heat per unit mass stored in the radiation shield of the
composite system is the same as the heat stored per unit mass
in a single radiation shield designed to the same back.face
temperature limit,

As a consequence of the first assumption, the temperature of the struc-
ture is always uniform and the energy stored in the structure at impact
is:

Q; = Wy Cp, ATy . (38)

As a consequence of the second assumption, the total heat stored in the
shield and structure of the composite system is equal to the heat stored
in the pure radiation shield,

131
As a consequence of the third assumption, the required weight, ¥; ,
of the radiation shield portion of the composite system is:
Q
QN

v wN

[ = (40)
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Solving equation (39) for Q;/QN and substituting into (40). the required
weight is found to be:

% G

N N 41
wWep ATy (41)

Equation (37) represents a more accurate structure correction technique
than equation (41). This will be demonstrated in the section entitled,
Comparison with Finite Difference Solution for Surface Ablators.
Because of space limitations, the solution to equation (37) was pro-
grammed in the form of curve fits of figure I-42. For cases where r
was greater than 2.0, the heat shield weight, W; , was calculated

based on r =2,0 and based on equation (41); the smaller of the two

was selected as the answer. If the uncorrected heat shield weight is
calculated from equation (11) directly, because the slab has equilibriat-

ed, equation (41) is employed setting A Ty =ATM. The total heat shield

required is WA+W1 .

e. Thermodynamic Analysis of a Thin Skin Heat Sink

From a thermodynamic viewpoint, any heat sink thickness will suffice
if the combined convective and radiative heating is never greater than
the energy reradiated from a surface at the design temperature, Tp
This criteria can be expressed as:

r h~/RT_ ]
1- — 2 |4 (-0 qp- oeTd = q < 0 (42)
1 H/RT, ( R D = %

If, however, qi > 0, there is a minimum heat sink thickness associated
with the design temperature. An estimate of this thickness can be ob-
tained by noting that the maximum temperature for a '"thin slab' will
occur whengqx = O, The energy absorbed to this time will then deter-
mine the thickness. A temperature history can be assumed, thus al-
lowing the first and third terms in equation (42) to be evaluated. For
the purposes of this analysis, a sinusoidal temperature history cor-
responding to an isosceles triangular heating pulse is assumed. In-
tegrating eqation (42) between the end of effective heating (time when

qx = O) and the start of the triangular pulse , the following is obtained:

hD/RTO D
—_—— 4
QC 1 - H’/RT +(1-[)QR— ge T Ddt:WICp (TD_TI) (43)
g o

4
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where

A and B are constants

=]
n

initial temperature of slab

weight of slab 1b/ft%

by
1]

Cp = specific heat Btu/1b-°F
tp = time when g = O

t; = initial time of triangular pulse (ref. I-82)
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t
9max tqmax
2 qedt + 2(1=-1) / qgdct

o o
t: = t —

Imax lae + (1-0) qp)

peak

tqmax = time When[qc + (l - r) qR]ls maximUm

From equation (43) W1 the required heat sink weight can easily be ob-
tained.

f.  Wall Enthalpy

The enthalpy at the surface temperature of the slab is required to
correct the cold wall convective heat transfer for the enthalpy difference
across the boundary layer. The enthalpy will differ considerably with
atmospheric model, temperature, and pressure. At lower tempera-
tures (<2500°R) enthalpy is independent of pressure and can be calcu-
lated from its definition, H = 3 m; ¢,;T, where the subscript i stands

for the constituents of the atmosphere. At higher temperatures and

low pressures, dissociation occurs.

Static enthalpies for temperatures between 0 and 5400°R have been
computed for the four Martian atmospheres. The results for a pres-
sure of 10 atmospheres are shown in figure I-43. Approximate curve
fits used in the heat shield computer program are also plotted. As
can be seen, the enthalpies increase more rapidly with temperature

for the atmospheres containing a greater amount of CO2. This is the
result of the dissociation of the COy,

Static enthalpies have also been computed for the Venus atmospheres
for temperatures between 0 and 7200°R for a pressure of 1000 atmos-
pheres. The computed data and the curve fit is shown in figure I-44,

Pressures of 10 atmospheres for Mars and 1000 atmospheres for Venus
were chosen since these pressures represent conservative upper limits
to the largest expected dynamic pressure at the stagnation point. The
selection of this pressure results in a conservative heat shield weight.
This results since the enthalpy increases with decreasing pressure

and the heat transfer is a function of the enthalpy difference across

the boundary layer.
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Materials
a. Material Behavior

A low-density heat shield material was selected for the Mars vehicles.
The material is a silica-epoxy-phenolic composite. Heat shield
weights were obtained over the entire body using this material. A
high temperature graphite-phenolic Avcoat heat shield material was
employed on the high heating surfaces of the Venus-bound vehicles.
The low density material used for Mars, was also used in low heat
input areas of the Venus vehicles. The Mars material is a high tem-~-
perature charring ablator with a low thermal conductivity. It is com-
posed of organic resins and silica fibers and powder. The Venus
material is a graphite epoxy material with good ablation characteris-
tics and relatively poor insulation properties. These materials were
selected on the basis of material tradeoff studies.

Charring materials have been studied extensively both experimentally
(ref. I-84) and mathematically (ref. I-83) under a convective heating
environment. Most of these studies were for an earth environment.
Reference I-85 shows the results of an experimental study aimed at
determining the effects of gas composition on material performance,
i. e. the importance of different chemical reactions at the surface or
in the boundary layer. Preliminary results of ablation tests at Avco
indicate a similar effect as reference I-85 of gas composition on
ablation performance, although there is substantial scatter in the data.
The experimental evidence indicates that surface or boundary layer
combustion is more significant in an earth environment than for most
proposed Mars and Venus environments. It is also evident that the
combustion effect is a strong function of the quantity of free oxygen in
the boundary layer. However, the Martian atmospheres contain from
0 to 65 percent CO2 and the Venus atmospheres 10 percent COp,
which can form free oxygen by dissociation at the high boundary layer
temperatures encountered during planetary entry., Therefore, to
perform an adequate analysis, the gas composition at the edge of the
boundary layer must be determined, including dissociation of the
COa.

For the material selected for the Mars calculation, the resins decom-
pose to form a char, which contains carbon. The latter will react to
some extent with the silica within the char; at or near the surface the
remaining silica will vaporize, liberating free oxygen, which in turn
reacts with the carbon to form carbon monoxide. The net energy as-
sociated with these reactions is about 340 Btu/lb of char. Excess car-
bon is available for reaction with the boundary layer gases; these
reactions will occur at the surface if they are diffusion controlled or
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in the boundary layer if the surface temperature is high enough to
cause sublimation of the carbon. Which of these processes will occur
depends on the heating rate and enthalpy, as well as on the gas com-
position,

Calculations were made assuming the reaction to occur in the boundary
layer. The results are shown in figure I-45 for two

different heat fluxes. Also shown are data obtained from Avco tests.
The agreement is seen to be excellent for air at the higher heat flux
level. The data also show the same trend, but to a lesser extent,
with heat flux as the theory. Tests were also performed in a nitrogen
atmosphere; the results showed considerable scatter and are difficult
to interpret. However, there was no evidence of a substantial im-~
provement in ablation efficiency, such as predicted by the theory.

This is possibly due to reactions between the graphite and nitrogen.

The ability to predict the temperature gradients within the material
has been checked many times by comparisons of test and theory.
Figure [-46 shows one such comparison where the data -

are compared with both charring and surface ablation theories. It
can be seen that both theories do a moderately good job of predicting
the internal temperature response of the material, although the char-
ring ablation theory shows better correlation.

To date, there is a scarcity of information in the literature on the
effect of combined radiative and convective heating. Several unre-
ported test results indicate that materials perform better than what
might at first be expected. Preliminary thinking suggcsts two pos-
sible reasons for this. First, absorption of the radiant heat input
by the boundary layer gases, including the ablation products, un-
doubtedly exists and possibly to a fairly large extent. Secondly,
absorption of the radiant heat at the surface increases the surface
temperature, thus increasing the likelihood of carbon sublimation,
and therefore material efficiency. Calculations have been made for
a material such as the graphite-phenolic Venus material predicting
the effect of a radiant input on material performance. The calcula-
tions assumed the graphite to vaporize at the surface and react with
the oxygen in the boundary layer; also, the boundary layer was as-
sumed transparent to the radiant input. The results are presented in
figure I-47 in the form of g* versus enthalpy for a con-

stant convective heating of 1000 Btu/ft?-sec. A large increase in
material efficiency is observed when the radiation is of the same level
as the convection, Further increases in radiant heating are not
nearly as beneficial; in fact, the material efficiency is predicted to
decrease when the heating is mostly radiative. Similar calculations
were made and results obtained for the low density Avcoat material.
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The above analysis is based on several assumptions, and therefore
open to question. The only data available are at low enthalpies
(Hg/RTo between 70 to 170) in an earth environment. The ratio of
radiative heating to convective heating was between 0 and 2. 0, but

the total heating was not kept constant. Results of these tests (per-
formed at NASA Ames) show that Q% generally increased with an
increased ratio of radiative to convective heating. Also determined
during these tests was the fact that the surface temperature increased
as the radiative heating increased. This is consistent with the pre-
dictions.

b. Material Properties

Successful design of heat shields for earth and planetary entry de-
pend not only on having adequate analysis methods and a proper
understanding of material behavior, but also on the availability of
accurate thermodynamic properties. It is not an easy matter to per-
form all the tests required to determine the necessary properties;
nor is it always clear how to interpret test results (e. g., surface
emissivity of an ablating specimen). Therefore, there is a tendency,
and sometimes a need, to assume values for purposes of preliminary
design and tradeoff studies. Rather than to become the subject of
arbitrary guessing in this study, consideration was given to materials
for which extensive testing has been done.

Each of these materials, particularly the Mars material, has been
fairly well characterized at Avco RAD through numerous ground tests.
Each of these materials is considered to be outstanding for certain
types of environment; the low density material for low to moderate
heat flux and long soak time conditions and the graphite-phenolic
material for high heat flux situations, when ablation is the principal
mode of heat dissipation.

The thermal properties selected for this study based on the above
two materials are given in table I-29.

The ablation properties for Avcoat materials for Mars and Venus
atmospheres are based on the following assumptions:

1)  Vaporization of silica and subsequent dissociation into SiO
and O; both occurring at or very near the surface

2) Combustion at the surface of the carbon in the char supported

by the available oxygen from the silica reaction and by oxygen
from the boundary layer
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TABLE 1-29

MATERIAL PROPERTIES

Parameter Mars Venus Aluminum | Beryllium
Thermal Conductivity (K) 0. 068 0.44 120.0 93.0
(Btu/ft/hr°F)
Specific heat (Cp) 0. 37 0.28 0.214 0.475
(Btu/1b)
Density (p) 37.0 80.0 168.0 115.0
(1b/£t3)
Emissivity (¢) 0.75 0. 90 -———- 0. 50
Surface Absorbtivity (a) 0.90 0.90 - 0. 90
Ablation Temperature (°F) 4950 6050 _———— ———
Solid fraction (f], f,) 1.0,0.0 | 0.8,0.20 —
Vaporization fraction 1.0 0.6 -—-- -—--
Heat absorbed by phase change 85.0 11000. 0,
or reaction (Hy, H2) 0.0 750. 0 - ————
(Btu/1b)
Laminar transpiration, 0.57 0. 56 ---- e
factor ( 1)
Turbulent Transpiration 0. 38 0. 36 _——— e a
factor (71)

3) Charring of the material below the surface. The total

energy absorbed by the reactions of the first two assumptions

can be calculated if the quantity of char produced per pound of
virgin material and the quantity of silica in the virgin material
are known. The latter is determined by the material specifica-
tions and the former by thermogravimetric analysis. For the
Mars material, the first two reactions produce a net exothermic
reaction of 170 Btu/lb of virgin material. From the third
assumption, charring characteristics can be transformed into

a surface ablation model, i. e., the 255 Btu absorbed by the resin
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4.,

decomposition must be added to the surface heat absorption
terms. The net result is a heat of absorption, HVl’ of 85 Btu/lb.

The transpiration coefficients are based on arc test data and by a
consideration of the probable gas composition. The ablation tem-
perature and surface emissivity are also based on arc test data. An
average constant ablation temperature was chosen because of the
model used in the program.

Evaluation of Heat Shield Block

Various types of comparisons have been made between the approximate
method described above and more exact solutions. They can be classified
as follows:

1) Comparisons with more exact numerical difference equation
techniques employing the identical mathematical model (non-
charring model)

2) Comparison between more exact difference numerical tech-
niques employing the identical mathematical model and simulated
charring model

3) Comparisons with more exact numerical techniques employ-
ing a mathematical charring model.

a. Comparison with Finite Difference Solutions for Surface Ablators

Comparisons were made for Mars type heating (most Mars cases
produced no ablation) using constant thermophysical properties. The
system consisted of an Avcoat heat shield and aluminum structure.

The numerical solutions used for making the comparisons were ob-
tained by solving the actual transient problem (equations (1) to (4)) by
means of difference equations, implicit in time and central in space.

A description of this solution and an analysis of its accuracy is reported
in references I-78 through 81. The comparisons also included both
structure correction techniques. The results are shown in figure 1-48
where heat shield weight is plotted versus soak time. They show that
the heat shield weight, computed by the approximate method, continues
to rise within the soak time range shown while the results, computed
by the numerical solution of the Fourier Conduction equation, rise to

a maximum and then, of course, stays constant. Furthermore, the
approximate method yields results closer to the numerical solution
when corrected for the structure by equation (37) than by equation

(41). In both cases, however, the agreement is quite good, con-
sidering the savings in computer time. ~
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The difference introduced by soak periods is caused by the nonlinearity
of the problem. By necessity the equivalent pulse that results in a
constant surface temperature and defined by equation (6), is taken
fromt to ty where t; is the end of the soak period. Hg' and the
reradiation term, similarly, are taken over this period. Thus, there
is no real soak period in the approximate method. The resulting
effect is shown in figure I-49, where the energy content of the system,
obtained from equation (10) and from the numerical solution is plotted
versus soak time. Notice that the curvesare close to each other until the
system starts to lose heat. After this time the approximate technique
continues to rise slowly. As expected, the heat shield weight com-
parisons tend to part when the energy content curves deviate also.

In all cases considered, the maximum heat shield weight, as calcu-
lated by the numerical solution, occured before the soak period
equaled the heating period. The heat shield weights calculated for
this time period by the approximate method were thought to be
within acceptable accuracy. Therefore, an upper limit to tf has been

ascribed; ty was allowed to be no greater than twice the length of the
convective pulse.

The difference in the two structure correction techniques can be
attributed to the assumption necessary to derive equation (41).
This equation applies the additional constraint that the mean tem-
perature history (A Tp,) of the heat shield is unchanged when backed
by a capacitive structure. A capacitive structure and no change in
surface heating is assumed in both methods. The assumption of a
capacitance will introduce no noticeable difference. However, the
validity of the assumption that the surface temperature and mean
temperature histories remain the same for appreciable structure
weight is dependent upon the degree to which these temperatures in
the composite and single system satisfy a semi-infinite slab analysis.,
This is a complex function of material properties, pulse magnitude
and shape and structure weight, A low thermal conductivity, short
pulse period, heavier heat shield, and lighter structure tend to in-
crease the tendency of these temperatures to satisfy a semi-infinite
slab analysis. The mean temperature history will deviate rapidly,
however, and the surface temperature will follow a semi-infinite
slab analysis reasonably well to impact when the dimensionless time

Kip1p
parameter 7 = '__2 < 0.09 where tp is the length of the actual

C, W =
pulse defined by equation (3). For a linearized heating problem with
an isosceles triangular pulse, tp may double and only effect the
surface temperature 20 percent at the end of a soak period equal to
the pulse length. Thus, equation (37) should represent a more
reliable structure correction technique than equation (41).

-
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Comparisons for an ablating system in a convective heating environ-
ment have been reported in reference (I-82). They are repeated in

figure (I-52). Again the approximate method is seen to be quite
accurate,

b. Comparisons with a Charring Theory

Ground tests of the Mars Avcoat material in both convective and
radiative environments, have clearly shown that a char layer is
formed. Previous experience with charring materials have indicated
that, under some conditions, the charring process can have a signifi-
cant effect on the temperature response of the heat shield and struc-
ture. Reference I-83 presents an analysis applicable to charring
materials, together with comparisons with experimental data; the
comparisons show the charring theory to be a significant improve-
ment over the noncharring model. Unfortunately, the computer pro-
gram needed to solve the differential equations is quite complicated
and therefore lengthy to run. Thus, it is not at all amenable to a
parametric study such as is presented in this report, nor even to
large numbers of comparisons with the approximate method. Calcu-
lations were made, however, for purposes of comparison for one
trajectory and several thicknesses. The conditions were a Mars
Kaplan No. 1 atmosphere, V = 24,000 ft/sec, y = -45 degrees, and
M/CpA = 0.2. The total heating was Q¢ = 750 and Qg = 700 Btu/ft2,
The results are shown in figure I-51 for both the charring and non-
charring theories. One other significant difference existed between
the sets of calculations--the calculations labeled "charring theory"
assumed the material to be somewhat transparent, 1.e. the radiation
was absorbed in depth. The surface ablation calculations on the other
hand assumed the gas cap radiation was absorbed at the surface, a
more optimistic assumption,

For this particular case, it can be concluded that the surface ablation
theory is conservative for a backface temperature of 600°F. Other
cases would also produce similar results, i.e. lower temperatures
and heat shield requirements when charring is accounted for. The
potential weight savings are felt to be about the same for other en-
vironments and to be more a function of the material.

Another way of viewing the differences indicated by figure I-51 is that
the heat shield thicknesses determined by the surface ablation theory
and/or approximate method contain a desirable conservatism, 1i.e.
safety factor. While a more realistic approach in designing heat
shields is to employ the best available theory and to use conservative
values for the input parameters (properties and environment); the.

use of a conservative theory and best values of the properties is
justified by the savings in computer time.
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